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The Lunar Diurnal Variation of Atmospheric Temperature at 
Batavia, 1866-1928. 

By S. Chapman, F.H.S. 

(Received February 27, 1932 ) 

Introduction. 

The existence of a lunar tide in the earth’s atmosphere is now a well-estab- 
lished fact.* It is indicated by a lunar semidiurnal variation of barometric 
piessuie, found at every station for which the necessary reductions have been 
made. Now % variation of pressure m a gas is m general accompanied by a 
variation of temperature. The amount of this variation depends on the rate 
at which heat can flow in the gas, from a region of compression to one of 
’rarefaction, or from the earth or ocean to or from the gas. The maximum 
variation of temperature corresponds to adiabatic changes of pressure, while 
if the heat flow can be very rapid, the temperature variation may be reduced 
<IMno8t to zero, corresponding to isothermal changes of pressure. 

1 have shownf that the lunar tidal changes of pressure will be almost adiabatic 
so far as concerns heat flow in the gas, between regions of compression and of 
rarefaction, fhe long time available for equalisation of temperature, viz., 
a quarter of a lunar day, or about 6 hours, is in fact ineffective because of the 
long wave-length of the tide, the distance between the regions of highest or 

* Sabine, ‘ PhiL Trans.,’ vol. ‘l87, p. 46 (1847) ; S. Chapman with E. Falshaw, M. 
Hwdman, ‘ Quart. J. R. Met. Soo.,’ voi. 44, p. 271 (1918) ; vol. 46, p. 113 (1919) ; vol. 48, 
p. 240 (1922) ; vol. 60, p. 99 (1924) ; voL 67, p. 163 (1031) , also * Mom. R. Met. Soo.,’ 
vol. 2, p. 163 (1928) and other papers not yet published ; J. Bartels, ‘ VerOff. preuse. met. 
Inst,’ vol. 6, No. 9 (1927). 

t ‘ Quart. J. R. Met Soo.,’ vd. 60, p. 166 (1924). 
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lowest pressure in any latitude being a quarter of the circumference of the 
circle of latitude. The temperature variation might be reduced below the 
adiabatic value if vertical flow of heat, between the air and the ground or ocean, 
is sufficiently rapid. This point will be discuaaed in another paper ;♦ the 
conclusion reached is that the vertical flow of heat is unlikely to be important 
over the Zand. Hence a temperature variation approaching the adiabatic 
value IS likely to be associated with the lunar atmospheric tide at a land station. 

The amplitude of the tide predicted by theory depends greatly on whether the 
pressure changes are adiabatic, isothermal, or intermediate between these. 
Consequently it seemed to me desirable to put the matter to the direct test of 
observation, by detenmnmg the lunar diurnal variation of atmospheric 
temperature for some station at which a long series of hourly values of the air 
temperature are available. 

The accomplishment of this task promised to be greatly facilitated by the 
kindness of the British Automatic Tabulating Machine Company. Early in 
1930 the Company agreed that in the autiunn of that year they would place a 
set of Hollerith punching, sorting and tabulating machines at the disposal of 
the Department of Mathematics and Mechanics in the Imperial College of 
Science and Technology, for use in teaching and resi^arch. Such machmes 
are of particular value m dealing with the great masses of data that must be 
employed when the aim, as m the present case, is to determine a very small 
periodic variation of a quantity that is subject to much larger periodic and 
accidental changes. 

Other things ^ing equal, the station most likely to yield a satisfactory 
determination of the lunar diurnal variation of temperature is Batavia, in 
Java, 

Latitude 6*2® S , Longitude 106*8° E., 

where the tidal change of pressure has the greatest known amplitude. At this 
station ihe annual mean lunar semidiurnal change of pressure is given by 

Bp = 0*064 sm (2Z + 66°), in millimetres of mercury, (1) 

where t denotes lunar time reckoned from local transit, at the rate of 360° per 
lunar day. This is the determination from the 40 years 1866-1905 made at 
the observatory. An independent determination made by myself, from the 
years 1866-1895, is 

Sp = 0 * 062 sin {2Z + 68°). (2) 

m close agreement with the former. No lunar diurnal component of other 

* ' Mem. R. Met. Soo.' (in course of publication). 
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frequency can be detected, and this is in accordance with expectation from 
tidal theory. 

The corresponding maximum (adiabatic) lunar diurnal variation of tempera- 
ture at Batavia is given by the formula 



where and 8T denote corresponding variations of the mean pressure p 
(769 mm.) and the (absolute) mean temperature T (299® C-), and y denotes the 
ratio of the specific heats of air : approximately. Hence the 

(adiabatic) lunar daily temperature variation is 

8T = 0-0072 sin {2t + 06®), in degrees Centigrade, (4) 

being purely semidiurnal, and in phase with the pressure variation. 

The solar diurnal variations of pressure (in millimetres) and temperature 
(in degrees Centigrade) at Batavia are given by the harmonic formulee* 

0-63 sin (0 + 26®) + 1 00 sin (20 + 160®) 

+ 0-04 sin (30 + 22®) f 0-01 sm (40 + 97®) (5) 

2-84 sm (0 + 232®) + 0*86 sin (26 + 70®) 

+ 0-23 sm (30 + 331®) + 0* 16 sin (40 + 120®). (6) 

The ratio of the amplitude of 8T, given by (4), to that of the solar semi- 
diunial term in (6). is 

0*0085 or 1/118, (7) 

whereas the corresponding ratio for the pressure - from (1) and (5) —is 

0*064 or 1/16. (8) 

Since in both cases the solar semidiurnal variation is much larger than the 
lunar one, but of nearly equal period, its elimination constitutes one of the 
main difficulties in determining the lunar vanation. It is clear from (7) and 
(8) that the difficulty m the case of ST is distmctly greater than for ip, i.c., 
about eight times so fat as this elimination is concerned. Nevertheless it 
seemed likely, on consideration, that if the tidal pressure-changes occur 
adiabatically, the temperature vanation 8T, then given by (4), should te 
determmable from the long series of hourly values of temperature available at 

• These are derived irom the 60-year mean diurnal inequalities given m Batavia 
Observations, vol. 48, pp. 76, 80. 
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Batavia. Flans were therefore prepared for the execution of this work, by 
methods appropriate to the Hollerith computing maohines. 

At this stage I discovered that my friend Professor J. Bartels, of the Forst- 
liche Hochschule, Eberawalde, was already engaged on a similar reduction of 
part of the Batavia material, using difPerent methods. After discussion we 
agreed tliat it was well that I should proceed independently with my plans, 
particularly since they were of larger scope, thanks to the availability of the 
Hollerith installation. In such investigations of small periodic phenomena, 
independent determinations by different methods are of decided value. 

2 Description of the Data. 

The hourly values of temperature tabulated in the volumes of Batavia 
Observations are eye-readings derived from the Batavia standard thermometer, 
Kew No 323, Fahrenheit scale. They refer to an epoch 2 mmutes before the 
exact hour of local mean time. The readings are given to 0-1° in Fahrenheit 
degrees from 1866-1908 inclusive, and in Centigrade degrees in and from 1909. 
No Sunday observations an* available for the first 10 years, 1866-1876 ; these 
were the only missmg values throughout the whole series. The observations 
are tabulated m rows, for each day, containing the values from 1 h. (1 a.m.) 
to 24 h. (midnight), and the printed daily means are the means of these 24 
hourly values 

The printexl volumes are published for the period 1866-1926 ; the hourly 
data for the period 1927-1930 inclusive were very kindly supplied to mo, on 
request, in manuscript form, by Dr. J. Boerema, Director of the Batavia 
Observatory. Part of these unpublished data, up to the end of 1928, were used 
in the mam part of the present investigation, while the remainder are entered 
on HoUentli cards for the purpose of a future extension of the work at a later 
date. 

3, The Data Entered upon the HoUenth Cards* 

On the Hollerith cards numbers are recorded by punching holes m any desired 
column. As each hole is punched, the carnage holding the card is carried 
forward as in a typewriter. In each column there are 12 possible positions for 
the hole, the lower 10 being numbered 0 to 9, while the two upper ones are 

* 1 should like to make acknowledgment here of the great help which 1 received from 
Dr. Comrie when I was originally planning this work. Without his expert help many 
valuable points would have been overlooked, resulting in loss of time m executing the 
work, and in cheeking it and tracking the errors revealed by the checks applied. 



Lunat Diimud Variation of Atmospheric Temperature, 6 

called X and Y. In general only one hole is punched in one column, but some- 
times it is convenient to double-punch a column, as in entering the day of the 
month (see below)* 

Hero and in later sections of the paper only those details concerning the 
HoUerith cards, equipment and methods will bo noted that are of special 
application to the present work, and particularly those which relate to the 
possible errors that must bo guarded against.* 

Since the lunar day extends over nearly 25 solar hours, 25 hourly values of 
T were tabulated for each day. As they were expressed by numbers each of 
three digits (to 0*1®) this involved 75 digits. Hollerith machines and cards 
of 80 columns are now made, but as the installation available to me was of the 
45 column type, these 75 digits required the use of two cards for each day. 
On each card the last 39 columns were devoted to 13 hourly 3*digit values, 
1 h. to 13 h. on one set of (plain) cards, and 13 h. to 25 h. (i.e , 1 h. of the next 
day) on a second set of (blue-edged) cards ; it was considered desirable to 
duplicate one hourly value (for 13 h ) on the two cards for each day, for checking 
and other purposes. 

The remaining (first) six columns on each card were used as follows : — 

(1) The number of the year in its decade or group. 

(2) The number of the month m the year 1 to 12, using the two upper rows 
on the cards as well as the lower 10 (10, 11, 12, in rows 0, X, Y). 

(3) The day of the month ; the rows usually numbered X, Y, 0, 1, ..,9 

were m this third column numbered 30, 20, 10, 1, ... 9, and for days 
after the tenth m the month (other tluin the 20th and 30th) the card was 
double-punched, in one of the three upper, and one of the nine lower 
rows. 

(4, 5) The civil time of upper lunar transit at Oreefmichy on the given 
date, or rather m the period from 1 h. of that date to 1 h. of the next 
day ; they were taken to the nearest whole hour, from the Nautical 
Almanac. These numbers ranged from 1 to 25. They were entered 
in two columns on the cards. 

(6) A number 1, 2, 3 or 4, for classification of the days according to the 
moon’s distance from the earth The day of apogee, and the three days 
before and after, were included in group 1, and in group 3 those similarly 
related to perigee ; group 2 included the days after group 1 and before 

• For detailed general information reference may be made to the literature obtainable 
from the British Automatic Tabulating Machine Company. 
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group 3, when the moon was nearing the earth ; group 4 similarly 
included those between perigee and apogee, when the moon was receding 
from the earth. In the later sections of this paper, the groups 1, 2, 3, 
4 wall be referred to as groups A, N, P, R (apogee, nearing, perigee, 
receding). 

The entries m columns 1 to 6 were, of course, made on both cards for each 
day. In addition, on each card one or more holes were punched in rows X, Y 
as an index to the decade in which each day occurred. The index numbers 
wore as follows : — 


1 

Dt'ttide i 

Column. 

1 liow. 

1 

1 ]>ecade. 

1 J 

Column 

Row. 


7 

; X 1 

i 1900-00 

7.8 

XY 

1870-70 

7 

Y 

' 1910-19 

7,8 

YY 

1880^9 I 

t 7. 8 

XX 

1 1920-29 

7. 8.9 

XXX 

1890-90 

7,8 

1 YX 

ij 1930-39 

i| 

7.8.U 

YXX 


On the >Saturday cards for these earlier years, where no observation for 1 a.m. 
on Sunday was available, the value used in its stead was the midnight value 
for Saturday, plus the difference between the 1 a.m. value on Saturday and 
the 12 p.m value on Friday. 

The last hourly value on the last card for the year 1908 was the value, con- 
verted into Fahrenheit, for 1 a.m. January 1, 1909, which as printed was in 
Centigrade degrees. 

4. Venfimtion of the Entries on the Cards, 

After the cards hod been punched by one operator, the entries for the index 
number, year and month were checked by “ needling " (i.c., passing a needle 
through the pack of cards for each decade, year or month), and the rest of the 
entries were verified by a second operator using a verjf 3 dng punch. Even this, 
however, did not preclude the possibility of errors, particularly errors of double 
punching, which had to be found by other methods, to be described elsewhere. 

In the subsequent work it was necessary to form sums of the hourly data for 
various groups of days, chosen according to the values of the data entered in 
columns 1 to 6. For any such group G, the hourly sums were usually 6 or 6 
figure numbers. The available adding machine was one possessing three 
banks of nine adding wheels, and two of six adding wheels (together with other 
wheels for adding shillings and pence, which were of no use for the present 
purpose) ; hence 6 hourly “ fields ” of three columns each could be added up 
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at the same time, and each set of cards, containing 13 hourly fields was put 
through the machine three times; the 25 hourly fields for each day, 
on the plain and blue-edged cards, thus required to be passed through the 
tabulator six times in each process of summation. This yielded 30 sets of 
sums, five bemg m duplicate ; the latter were of value in checking the working 
of the machine. 

Each single month (m) yielded a sot of 25 hourly sums one for each hour s. 
The cards were again passed through the machme, to form a set of hourly 
mm Y, for each year Y. These values were divided by the number of days 
(fty) in the year, giving annual mean hourly v<dues, which were compared with 
the printed annual mean hourly values given (to 0*01®) m the Batavia volumes 
for each year. The occasional discrepancies found were further mvestigated, 
by forming the monthly mean hourly values, from the sums for the hours in 
question, and comparing these means with the printed moans for each month. 
The errors were thus tracked down, sometimes to double-punching on the 
cards, sometimes to a temporary fault in the adding mechanism, and some- 
times to errors in the printed means. 

6. The Classification and Summing of the Cards, 

The cards were throughout kept in six separate decade (D) groups, each of 
10 years, except the first, which contained 13 years. The groups were therefore 
os follows : — 


1866-78 

13 years 

= 4227 days 

79-88 

10 „ 

--- 3633 

89-98 

10 „ 

-= 3662 „ 

99-08 

10 „ 

-- 3652 „ 

1909-18 . . . 

10 .. 

- 3662 „ 

19-28 

10 „ 

= 3663 „ 

Total . 

63 

= 22489 


This choice was made so that the change from Fahrenheit to Centigrade values 
for the hourly readings, at the end of 1908, should coincide with the break 
between decades. The first group thus had to include 13 years, but owmg 
to the absence of Sunday data dunng the first 10 years the number of days m 
“ decade 1 was equivalent only to about 11 J complete years. 
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The following operations were then perfonned on each decade (D) set of 
cards : — 

(а) The cards were sorted ** on colmnna 4, 6, so as to group together all 
the cards relating to days of the same transit-time L These 26 
groups of cards were then summed, controlling on column ^ giving 26 
sets each of 26 sums, for the 26 solar hours 8. 

(б) The cards were then re-sorted ** on ” column 2, for the month, and the 

12 DM sets of cards thus obtained were combined into three seasonal 
sets (D8), called DJ, DE or DD, for groups of months as follow : — 

J =: May, June, July, August. 

Efe March, April, September, Octobei. 

D = November, December, January, February. 

The pack of DS sets, m order, was then sorted according to the lunar 
distance d, giving 12 DSi sets for the decades, and these agam were 
sorted according to the transit time t, giving SOO DSeft sets of cards, 
containing about 12 cards each. Hourly sums DSdt. were formed for 
each group, controllmg on column L 

(c) Another summation was made without taking account of the sub- 
division into t groups, by controlling on column d, thus givmg 12 sets 
of DSrf, hourly sums. By ordinary addition these wore combined to 
give three seasonal sets of DS, hourly sums, and one set D, for the whole 
decade. 

It was desired to obtain mean hourly sums according to solar and lunar 
time for the followmg groups of the data : (a) for each D group, (6) for each 
DS group (three for each D), It was desired also to have sums accordmg to 
luwar time (only) for each Dd group (four for each D). Thus solar sums were 
required for 6 (D) X (1 + 3) or 24 groups, and lunar sums for 6 x (1 + 3 + 4) 
= 48 groups. 

The solar senes D, and DS, were obtained by operation (c). To obtain the 
lunar sums, however, a more elaborate process was necessary, because the 
tabulating machine can add numbers from difierent cards only if these are 
in the same columns, whereas in different ( groups of cards the lunar hours 
occur at different solar times, and therefore in different columns. 

6. The Formation of the Lunar Sums, 

On the cards on which the lunar transit time t is 1, the hourly entries for 
solar time $ refer to lunar hour s — 1 ; likewise on the group of cards for 
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transit time the solar hour s corresponds to the lunar hour Z = s — It is 
desired to combine the sums Gig from the 26 sets (6Z) of cards in any group 0* 
of data (ordered accordmg to the value of Z) so that the sums corresponding 
to the same lunar hours shall be brought together. Thus from each set t we 
wish to take the solar hourly sum s = Z 4- I, where I m turn will bo given the 
values 0 to 24. The equation I + here to be regarded as a congruence 
with modulus 25, the lunar sums (6^) bemg supposed periodic m 25 hours. 

This method of summation corresponds to forward-slopmg summation effected 
upon a cylinder on which, m 26 columns (s =- 1 to s = 26), surroundmg the 
cybnder and lying along the generators, the 6z, sums are entered in 26 rows, 

The actual method employed was a slight modification of one suggested to 
me by Dr. Conrrie. 

As a prebminary, 26 strips of paper were prepared (actually by pnntmg on 
the Hollenth tabulator) so that the entries should have the same vertical 
spacing as the series of GZ, sums formed from the (uirds These stnps were 
headed s = 1, or s = 2, and so on, up to 26. Below were printed 25 numbers 
Zj' as follows : — 

8 ^ ] 2 . . . . . . 26 

Z/ - 1 2 25 

25 1 24 

24 26 23 


Thus 


2 3 

4- 1 — Z (mod 25), 


( 9 ) 


for Z = 1, 2, . 26 in order, so that the lunar hour Z m the senes GZ, corresponds 

to the solar hours given by 

s=-Z/-l. (10) 


Strip 8 is then pinned alongside the sth column of the 25 scries of sums Gz^ 
for Z = 1 to t = 26, and the 26 columns of sums are pinned together to form a 
single column of 626 rows, with the 625 Z/ numbers against the 626 sums GZ,. 
These sums were in general 6-figure numbers (6-figure in the case when G == D). 
Actually the 625 sums GZ, for eight groups G were placed alongside one another. 


* Here Q ia used to represent any group, whether D, DS, DSd, or otherwise. 
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in eight long columns, with the strips 8 to the left of all. An index number was 
assigned to the set of eight groups G.* 

A set of 625 Hollerith cards was then punched with the index number in 
column 1, the number s in columns 2, 3, the number Z/ in columns 4, 6, and the 
eight 6-figure numbers 6Z, in the remaining 40 columns. Thus each of the 
626 cards contains the data on one row of the long 626-row column formed as 
just described. 

In this maimer the sums for the 12 DSdt sets and I Dt set, for each of the 
SIX decade groups, were entered on (several) sots of 626 cards ; these sets 
may be called I* sets 

After punching, these cards were placed in the tabulator, controlling on the 
numbers 5 (control on column 3 being sufficient) ; the numbers s and Z/ were 
listed, and the columns Z/ and the numbers GZ, were added. The sums £Z/ 
for each «-group should equal 326, and this provided one check on the punching 
of columns 4 and 5. The sums for the later sets of five columns represented 
G„ and were checked against the G, sums (where G == D or G = DSd) already 
formed {§ 6, c). Any discrepancies indicate; errors in the punching of the GZ, 
values, and the 26 sums GZ, (Z = 1 to 26) for any hourly column s involving an 
error were then examined. The number Z^* corresponding to the wrongly 
punched card was noted so that the corrt'Sponding correction conld afterwards 
be applied to that Z total. 

Each I* pack was then sorted according to the number I*, and tabulated, 
controlling on column 5, thus producing lunar hourly totals Gj. The 12 sets 
of DSdj sums were next combined into four Ddj sets and 3 DS^ sets. The 
accuracy of the additions and tabulations was checked by the final agreement 
of EDcZf, and D( (for Z = 1, 2, ...» 25). 

d 


7. The Harmomc Analysis, 

The vanous sequences G„ Gj, each consisting of 26 solar or lunar hourly 
sums, were then harmonically anal)rsed, to determine the second harmonic 
{only). The corresponding sequences of numbers of cards (na<) for each value 
of Z in each G set, as printed during the formation of the G^ totals (or as found 
by combination of the values, into and n^^f) were also analysed 
in like manner ; this was for the purpose of eliminatmg the effect of residual 
solar dmmal variation from the second harmonic of the Gj sequences, according 


* For example, one set of eight groups was DJI, DJ2, DJ3, DJ4, DEI, DE4. 
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to the method given (in principle, though not in detail for the present mode of 


tabulation) in a recent paper.* 
Thus, let 

Oq, = ^ Gu cos {2 (e - 1) 7C/26}, 

aa, = S Qgt cos {2{< — l)7r/26}, 

— E Wq, cos {2 (i — 1) tc/26}, 
1 

and 

No- 


6oi= E Q„8in{2(<-* 1)7 u/26}, (11) 

tml 

25 

E G,,8in{2(/-l)7r/25}. (12) 
6on = 2 no^ sin {2 (i ™ ])7r/2B}, (13) 

/-I 

E not- (14) 


Then the determination of the lunar semidiurnal vanation of temperature 
afforded by group G, corrected for residual solar diurnal variation, and 
expressed in the form 

8T -= L sin {2t |- X') 

= L'a sm 2 t \ L\ cos 2t, 

(where t denotes lunar time measured m angle at the rate 27c per lunar day) 
is given, apart from certain small phase corrections, by 



2 

25Na 

2 

2oNo 

The true phase X is equal to X' plus certain corrections, of which the main is 
to allow for the use of Greenwich instead of Batavian transit times t. This 
correction is — 2L°/29, where L denotes the (easterly) longitude of Batavia ; 
since L® = 106*8®, the correction is —7*4°, In addition, the fact that the 
hourly readings of temperature were made 2 minutes before the exact local 
hour necessitates a further correction +1*0®. 

The amplitudes L, L'., L'o. were converted into Centigrade degrees where 
necessary. 


8. The Matn Results. 

The central result of this work is the annual mean value of the lunar semi- 
• Chapman, * Z. Geopbysik,’ vol. 6, p. 396 ( 19301. 
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diurnal variation of temperature at Batavia, determined from the whole 63 
years or 22,489 days. This is 

0*0086 8m(2«-}- 67°) °C., (18) 

which agrees well in phase, and moderately well in amplitude, with (4), derived 
from the observed tidal change of pressure, on the adiabatic assumption. 
The ** observed ” value of ST is, in fact, even greater than the value calculated 
from 8p ; the discrepancy is, as wiU be seen later, in § 9, within the limits of 
the probable error of the present detenmnation of ST. 

The determinations of the annual mean value of ST from the separate 
decade-groups of years are as follows. The significance of the columns 
headed AL will be explained in § 9. 


Table III. 



Decode 

(iroup 

Number 
of days 

Amplitude L, 
unit 10-* ° C. 

Phase. 

JL 

a 

18()&-1878 

1 

4227 

1 

1 

119 

O 

97 

62 

b 

1879-1888 

3853 

164 

32 

103 

c 

1889-1898 

3662 

59 

33 

66 

d 

180a-1908 

3852 

88 

98 

49 

e 

1909 1018 

3662 

64 

77 

26 

I 

19ia-1028 

3663 

88 

68 

3 

M 

All 1 

1 

1 22480 

1 

86 

67 

49 


Here the phase angles have on extreme range of 66°, and the amplitudes of 
106*10"^ ° C. These results show that the probable error of a 10-year deter- 
mination of ST is a considerable fraction of ST itself, and suggest, as will later 
be proved, that the 63-year mean is liable to error sufficiently to permit the 
difference between (18) and (4) to be regarded as merely accidental. 

Tbs being the case, the seasonal mean results, and the mean results for 
the lunar-distance groups of data (A, N, P, R, c/. § 3 (6) ), being derived from 
still smaller amounts of material, may be expected to be scattered rather 
widely about the mean results. The determinations are as follows, the ampli- 
tudes bemg expressed in terms of 10"* ° C. as unit. 

In deriving the results of Table V the solar diurnal variation, wbch was 
ehminated in the final stages of the analysis (c/. § 7), was separately removed 
from each seasonal section of the distance groups, before forming the final 
result for the group ; that is, the seasonal change in the solar diurnal variation 
was allowed for in the elimination. 
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Table IV.— Seasonal Mean Results for 8T ; Unit 10“* ® C. 


J - May~Au^<uiit I jl>-Novemh,r.Febru*r,. 

Docftdp I _ _ _ _ „ _ _ I . 



group 


1 









No of 
days 

L / 

JL 

No of 
days 

L 1 

JL 

_ 

No of 
dayt. 

i. 1 

JL. 

a 

1866-18^8 

1423 

, 1 

no 101 1 

70 

1 

1 

1392 

0 

148 lOO 

67 

1412 

104 76 

41 

0 

1878-1888 

! 1230 

225 40 

15<i 

1220 

172 29 

118 

1203 

93 19 

52 

c 

1889-1888 

1230 

5ti 42 

34 

1220 

184 m 

112 

1202 

i 227 334 

220 

d 

18Q9-1908 

1230 

108 150 1 

i 150 1 

1220 

58 34 

76 

1202 

192 87 

130 

e 

1909-1918 

1230 

U5 22 

r»i 

1220 

184 94 

i 82 

1202 

23 259 

1 106 

/ 

1919-1928 1 

1230 

f 

138 32 

78 ! 

1220 

39 236 

1 130 

1203 

207 89 

148 

M 1 

1 Moan 

757.3 

84 (id 

89 

7492 

97 88 

102 

7424 

j 87 52 

no 


The aignificanoe of these results will be discussed after the probable errors 
of the determination have been considered. 


9. The Probiihk Errm, 

The results given m § 8 may with advantage be represented graphically, by 
vectors drawn from some origin, of length L (on some assigned scale), and 
making the angle P with a chosen initial line. If a suitable time-scale be 
marked round the circumference of the figure, the time at which the harmonic 
term L sin (2^ + T) attains its maximum value is also indicated by the diagram, 
and for this reason I have called such a diagram an harmonic dial ; a difierent 
time-scale is needed for each harmonic term, according to its frequency. For 
semidiurnal terms the angular time-scale is the same as in an ordinary clock- 
face, which is traversed twice daily. 

It 18 not necessary to draw the vectors themselves, which are sufficiently 
indicated by their end-pomts. 

Pig. 1 shows the results of Table III. The vector points for the six decade- 
groups a-f are widely scattered round the mean point M. The scale is mdicated 
by the arrow along the direction of the initial line ; the arrow is of length 
representing 0*01® C. The distances of the group-points from M will be 
denoted by AL, and are given in the last column of Table III in the same units 
as for L itself ; the mean AL, 49, is over half the mean value of L itself. The 
values of AL afford a rough determination of the probable error of the deter- 
mination of ST from the decades a to /, and from the whole period. If we 
ignore the fact that group (a) has 1 * 16 times os many days as groups 6 to /, 
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1866-1878 
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1889-1898 

1899-1908 

1909-1918 

1919-1928 
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and treat all as of equal weight, the probable error of ST determined from any 
one group is 0*94 times the mean value of AL, »,e., 0-0047® C. ; the probable 
error of the mean determination M is 0 • 0047 /\/6 or 0 • 0019® C. These probable 
errors are, however, rather rough, bemg found from only six indepndent 
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determinations. We shall see that the probable error is likely to be rather 
larger than the above. 

The results contained in Tables IV and V are likewise illustrated m figs. 
2-4, and 5, on the same scale as m fig. 1. The scatter of the points is notably 
greater than in fig. 1, as is natural in view of the greater subdivision of the 
material. The values of AL measured from the mean of each set are given in 
Tables IV and V. The correspondmg probable errors for each of the decade- 
season or decade-distance determinations of ST are given, m terms of 10"* ® C. 
as unit, in the first line of the following tabic • — 

ED N P R 

Probable error for group 84 96 109 127 98 100 02 

Deoade probable error 48 56 63 63 49 50 46 
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The second line gives the group probable error divided by ^3, or by 2, and 
represents the probable error inferred from these group determinations for 
respectively 3 and 4 times the amount of material, equal to the number of days 
in a whole decade. The results are fairly accordant with, though on the whole 
larger than, the determination made from fig. 1, i.c., 47 units. 

There is no reason to anticipate any real difference of probable error between 
the [our A, N, P, R sets of determinations of ST, but the differences between 
the probable errors for the three seasonal sets of determmations of ST may be 
real. 

In order to investigate the probable errors more closely, the 26 sequences 
D/, (for i = 1 , 2, . , 26) of hourly sums, for the decade 1909-18, were separately 
analysed for th(' semidiurnal component The semidiurnal component thus 
obtained is mainly the solar semidiurnal component, though the analysis was 
made as if the penod was 26 hours. The results give S< and Of in the formula 
Sjsin (20 + where 0 denotes time reckoned from 1 a.m. at the rate 2tz 
per 26 hours. The values of Sj and for each value of [ are represented by 
the 25 points (P,) in fig. 0 ; the origin is far outside the figure, in the direction 
indicated by the downward arrow drawn from the mean (M) of the 25 pomts ; 
the scale of the figure is two-fifths of that of figs. 1-5. The radii from M to the 
26 points illustrate the “ scatter or variability of the solar semidiurnal 
vanation, even when detennmed from as many as 146 days , but since those 
groups of days are classified according to the lunar transit time, the scatter 
should not be wholly at random, but should be partly det^ermmed by the 
lunar semidiurnal variation. 

The radii from M to the various pomts give, in fact, the semidiurnal com- 
ponent of the sums Dt, after the mean solar semidiurnal variation has been 
removed from them. But in combining the results according to lunar 
time, the pliases of the vectors MP, are altered ; the alteration is equivalent 
to turning the radius MP, forward through the angle in (t — l)/26. If the 
scatter in fig. 6 were solely due to the lunar influence, the radii MF<, when thus 
rotated, should coincide with one another. Fig. 7 shows their actual distn- 
bution , they arc nearly at random, as in fig. 6, showmg that the scatter there 
was mainly due to accidental error. But the centroid of the points P'^ la no 
longer at M, but at an adjacent point P, and the vector MP (after making 
certain small phase-corrections referred to m § 7) represents the part of the 
scatter that is not random, but due to lunar influence. Fig. 7 well shows how 
much the occidental variation in the semidiurnal temperature variation 
exceeds the component due to the lunar influence, and illustrates the difficulty 
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of averaging out these much larger accidental variations of T to obtain the 
very small lunar variation. 

The true accidental part of the semidiurnal component of the variation of 
T is not the vector MP, of fig. 6, which includes the lunar variation, but the 
vector PP't of fig. 7. The mean magnitude of PP'< in fig. 7 is 416 . 10~^ ° C. ; 



Fias. 6-9. 


treating the points P'^ as being determined from equal numbers of days (which 
is sufficiently near the truth for our present purpose), the probable error of a 
single point P% in fig. 7 is 390 units, and of the mean point P is 390/y'26 or 
78 units. This is distinctly larger than the estimates of the probable error of 
the mean 8T for a decade, already derived from figs. 1-6, which range from 46 
to 60 units. 

Similar scatterrdiagrams were constructed by analyses of the separate 
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tiauBit-tixne sequence GM, for the various sub*gioups G (*.6., J, B| D and 
A, N, P, R) of the decade 1909-18. The coirespondmg mean values of AL 
were found to be, in order, 460, 690, 750, 800, 820, 670, and 790 units. The 
oonesponding determinations of the probable errors for each group as a whole, 
and for an extended group equal in length to a decade, are as follows : — 

o N 

Probable error for group 86 J30 141 150 154 126 149 

Decade probable orroi 60 76 81 75 77 83 74 

The mean of the last four is 73 units, and this value will be adopted as the 
best estimate of the probable error of 8T denved from 3660 days (1 decade) 
drawn nearly equally from all seasons. Likewise the estimates 60, 75 and 81 
will be adopted for the seasonal groups J, E, D. 

The probable errors of 8T for the whole period, and for the whole of the 
separate seasons J, E, D, and the distance groups A, N, P, R, will therefore be 
73/V6, (50, 75, 81) X and 73 

Whole { J K J> 

I 

I 

30 1 35 63 57 

The corresponding probable error of the determination of 8T from a single 
day is 73V(3660) . 10** or 0-44° C. 

In figs. 8, 9 the determinations of 8T for the whole, and for these sub-groups 
of the material, are indicated by pomts, roimd each of which is drawn a circle 
of which the radius represents the estimated probable error on the same scale. 
The calculated value of 8T given by (4), on the assumption of adiabatic lunar 
tidal changes of pressure, is also shown, in fig. 9, by the vector-point C. 

It will be seen that C lies within the error-circle round M, indicating that the 
difference between the points M and G is within the limits of probable error of 
the determination. 

Inspection of figs. 8, 9 suggests that no leliablo determination of the 
change in 8T with the changing lunar distance, or even with the changing 
season, has been achieved ; but the goal is more nearly approached in the 
latter than in the former case. The mean value of ST for the whole period, 
however, is fairly well detenained, and implies that the lunar tidal changes of 


A, N, P, R 


60 
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presauie at Batavia take place nearly adiabatically ; the present work does not 
make it possible to exclude a deviation of (say) 20 per cent, from the adiabatic 
value. 


10. PossiiAe Improvements %n the Method of Caloulaiton. 

Two additional calculations were made m order to throw light on possible 
improvements in future investigations of the present kind The object m 
one case (a) was to ascertain how tlie results would be affected if the last figure 
of the printed hourly data, giving the temperature to 0 * 1®, liad been omitted ; 
m the other case (6) the object was to determine the effect of using only alternate 
hourly values, instead of every hourly value. In case (a) the labour of punch* 
ing and verifying the cards would have been reduced by one-third » and m case 
(6) by nearly one-half. The combmed reduction would be by two-thirds. 
Much of the later work would also have been considerably reduced, though not 
to the same extent. 

The decade 1909-18 was chosen as the material for the discussion of case 
(a). Values of ST, corrected for the solar diurnal variation, were obtained for 
the whole decade and for the groups J, E, D and A, N, P, R, ignormg the 
decimals of a degree in all the hourly readings. The elimination of the 
solar diurnal variation was made as before, but this was practically 
unaffected by the omission of the decimals of degrees The results for ST 
are shown in fig. II, by the points M', J', ..., and the differences between 
them and the corresponding results for this decade, using the decimals of 
degrees, are shown by the lines joining M', . , and M, J, respectively. 

The differences appear to be accidental , if this be so, the correspondmg 
addition to the probable error can easily be estimated. In units 10"^ °C. 
the magnitudes of the differences are as follows . — 

J _ J' E - E' D-D' A - A' N - N' P - F R - R' M - M' 

58 60 74 24 70 24 46 14 

The mean of the differences for the seven sub-groups is 49, treating them all 
as of equal weight, which is roughly true. The corresponding probable error 
for the decade is 0-94 X 49 -5- or 27. This is larger than M — M', but 
agreement was, of course, not to be expcct(*d. The accidental error due to the 
omission of decimals of degrees, added to the errors otherwise involved, raises 
the decade probable error from 73 (as previously estimated) to + 27*) 

or 78. These estimates are naturally rough, but it would seem that the gain 
of accuracy involved in taking account of the decimals of degrees is hardly 
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worth the labour involved in their inclusion. This, however, is mainly because 
the other sources of error are so potent in the present work ; in similar investi- 
gations where the remaining accidental errors were distinctly smaller, the 
omission of the decimals might not be advisable. 

Fig. 10. 

VI* 

V 

0® OIC 



Figs. 10-11 


Case ( 6 ) was considered by using the Dj sequences of suras (§ 6 ) for each of the 
first live decades. Let 021 . , O28 of any such sequence 

If alternate hours had been used, and if these had been the odd hours of lunar 
time (though this would be a little troublesome to arrange, in practice), we 
should have obtained the sequence <4, Ug, . ., Ujj ; likewise if the even lunar 
hours had been used, the result would have been Uj, Suppose wc 

had interpolated m each case, to obtain values for the missing hours ; the results 
would have been 

i + ®s)» ®S» i > ®16» 

and 

i(^t, + J (®a + ^4)* • > ®a4» } iflu “1“ ®i)» 
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there being some doubt as to the extrapolation at the two ends of the latter 
(even) sequence. By subtracting one sequence from the other, we get 

Oj J (a^s + fl2)» i (®i + ^s) — ^3 — i (^2 H" ®4)> •• •» 

which 18 analysed for the second harmonic ; the result is taken to represent 
twice the difference between 8T as actually determined, and as would have 
been determined if only the odd lunar hours had been considered *, if the even 
hours only had been taken, the difference would have the opposite sign. 

The results are represented graphically in fig. 10 ; the lines are centred at 
the points representing the determinations given in Table III, and their lengths 
and directions represent the difference between ST as determined from the 
odd and even hours respectively. The lengths are as follows, in terms of 
10"^ ® C. as unit 

Decade ... . a h c d e Mean (1866-1918) 

Length . 30 12 5 34 28 7 

The corresponding mean additional probable error for one decade, due to usmg 
alternate hours, is therefore about 10 . 10~* ° C., slightly less than in case (6). 
It raises the decade probable error from 73 to 7 i , if the decimals of degrees 
are omitted also, the total probabh* error for a decade-mean is raised to 79. 
The corresponding rise m the probable error for the mean result from the 
whole period would be from 30 to 32. 

This rise is not a serious one, and it would therefore seem that in the present 
investigation the computing work could have been advantageously reduced by 
using every second hourly value instead of every value, and by ignoring the 
decimals of a degree. In any future work of this kind, relating to the lunar 
variation of atmospheric temperature, careful consideration should be given 
to these possible improvements in the work. Whether they are advisable or 
not depends upon the degree of variability of the second harmonic denved from 
a single day’s data, or, what is equivalent, it depends upon the decade probable 
error as determined in § 9. At a station where this was much less than that 
for Batavia, it might be best to use the full data, as has been done in the 
present work. It must be remembered, however, that the temperature 
variation to be determined is likely to be less at any other station than it is 
at Batavia, where the lunar atmospheric tide is unusually groat ; hence it 
can only be determined with great difficulty, and from a long series of data, 
unless the decade probable error, as determined in § 9, is much less than that 
for Batavia. The first thmg to be done, therefore, in considering an investiga- 
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tion at any further station would be to examine the variability of the solar 
diurnal variation derived from individual days, and to compare the decade 
probable error inferred from this with the expected magnitude of the lunar 
diurnal variation of temperature, and with the additional probable error due 
to contractions (a) and (6) ; the decision whether to adopt the latter could 
then be made, and would depend on the number of years’ data available, and 
on the accuracy desired in the final result. If, for example, it were expected 
that the tidal pressure changes at the station would be nearly isothermal, the 
expected temperature variation would be much less than the adiabatic value, 
and the allowable probable error in the result would be correspondingly reduced. 


11. DelermiiKUion of the lAinar Ten^perature Variation from Rainless 

Days only. 

A further possible improvement m method would be by the use of selected 
days of temperature variability smaller than the average (just as, in deter- 
mining the lunar atmospheric tide at Greenwich, I used only the days of pressure 
range less than 0*1 inch). At my request, Mr. J. C. P. Miller investigated the 
influence of various factors-— sunshine, cloud, rainfall — upon the course of the 
daily temperature variation at Batavia. It appeared that the most imp<»tant 
factor was the rainfall, particularly since its oSect depended so greatly upon 
the time at which it occurred. Rain at night was relatively unimportant 
compared with rain by day, which rapidly lowered the temperature to about 
the night value. If the ram occurred before noon, the maximum temperature 
would be that just beforehand, the normal increase towards noon being sup- 
pressed. Thus on rainless days the solar diurnal range of temperature is 
greater than the average, but it is more constant from day to day. It was 
therefore hoped that a determination of the lunar diumal variation of tempera- 
ture from these days would give a result having a smaller probable error than 
that derived from all days, the reduced variability of the daily temperature 
variation more than compensating for the reduction in the number of days. 
The Batavia volumes fortunately give detailed tables of rainfall, and from 
these it was easy to pick out the rainless days. The corresponding HoUenth 
cards were picked out by hand, and dealt with as in the previous investigation 
of all days, except that, on account of the reduced amount of material, the 
whole period was divided into two sub-periods only, 1866-1898, and 1899- 
1926. Each of these was divided up into the three seasons, but no sub- 
division depending on the moon’s distance was made* The work on the period 
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180^1926 was initially done in two parts, for the years up to and after 1908, 
on aoeount of the change in unit from Fahrenheit to Centigrade. 

The results obtained are as follows : — 


Batavia. 


Period. 

Seiwon. 

1 

No of days. 

L . mut \0r* ® C. 


1S66-1808 

J 

2944 

83 

0 

83 


£ 

2803 

t 74 

69 


D 

1402 

204 

73 


Total 

6640 

106 

75 

1090-1896 

J 

2420 

196 

91 


£ 

1911 

133 

69 


U 

1104 

204 

70 


Total ' 

5444 

142 

78 

1866-1996 

J 

637.3 

102 

87 


K 

4214 

101 

60 


D 

2506 

204 

79 


Total 

12093 

121 

77 


The above table shows that the number of rainless days was slightly more 
than 60 per cent, of all days ; the proportion was much greater in the J season 
(May to August) than in the D season (November to February), The values 
of L found from the various sub-groups of rainless days are scattered somewhat 
widely about their mean, which itself is distinctly larger (121) than the mean L 
found from all days (86). The phases I for the sub-groups of rainless days 
show a relatively small scatter, while their mean, 71° t is somewhat larger than 
that (67®) from all days. 

The probable errors of the various determinations in the above table were 
determined from the inequalities for the separate transit-time sets of data in 
each group. It was thus found that the mean probable error in the semi- 
diurnal component of the temperature variation on rainless days was 0'32® C,, 
as against 0-44'^ C. from all days (§ 9). The reduction for rainless days is less 
than was anticipated, and barely compensates for the reduction in the number 
of days used. The probable error of the mean determination from all the rain- 
less days used is 29 . 10'** C., practically identical with that found in § 9 for 
the mean result for all days. The vector difference between the two deter- 
minations has a magnitude 46 10'* * C., or 1^ times the estimated probable 
error of either result ; the probable error circles round each mean result thus 
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inteiBect, but each mean is outside the probable error circle suirounding 
the other. It would, however, iu my opinion, be unsafe to conclude on the 
present evidence that there is a real difference between the lunar diurnal 
temperature variation on all days and on rainless days. The work on the 
rainless days should be regarded as affording further confirmation of the 
approximate magnitude and phase of the lunar temperature variation previously 
found from all days, without insisting on the difference between the two deter- 
minations. It was, however, somewhat disappointing that the use of ramless 
days only did not result m a reduction of the final probable error. This work 
suggests that there is little hope of a materially improved determination of L 
and I from Batavia (and a fortiori from any other observatory) within the next 
60 years, the accumulation of a much longer senes of data being the primary 
condition. 
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The Homogeneous Cutalysis ofOaseous Reactions. — The Catalytic 
Decomposition of Nitfous Oxide by Halogens. 

By P. F. Musgrave and C. N. Hinshelwood, F.R S. 

(Received March 10, 1932.) 

It was recently discovered* that lodme exerts a pronounced catalytic 
influence on the thermal decomposition of nitrous oxide. Bromine and 
chlorine have now been found to have similar effects. 

The reactions are of the first order with respect to the nitrous oxide and 
there appears to bo little doubt that decomposition into a nitrogen molecule and 
an oxygen atom occurs under the influence of the halogen. The balance of 
evidence is in favour of the hypothesis that the effective catalyst is the free 
halogen atom. Whether the oxygen atom from the nitrous oxide remains 
attached to the halogen for a finite time cannot be definitely stated. 

The moat remarkable thing about the reaction with iodine is that it attains 
a definite limiting rate as the concentration of the catalyst is increased — a type 
of behaviour of which examples suitable for quantitative stfidy are not common. 
There are indications that a limiting rate may exist with the other halogens, 
but, if so, it is not so quickly reached as with iodine. 

Ktnelics of the Catalytic Reacliom. 

The method of experiment has been described in previous papers, f and 
the only detail to which reference need now be made is the method of intro- 
ducing small quantities of iodine into the reaction vessel. This was done by 
allowing isopropyl iodide vapour to decompose in the vessel itself and then 
adding enough air to burn the hydrocarbons formed. This has the great 
advantage that no iodine comes into contact with the mercury of the mauo 
meter. Special experiments, to be referred to later, showed that none of the 
substances present had an influence even remotely comparable with that of 
the iodine. 

The catalytic reaction yields nitrogen and oxygen, no appreciable quantity 
of nitric oxide being produced. It is of the first order with respect to the 
nitrous oxide, the time of half change, t, being independent of the initial 

* * Ptoo. Roy. Soo.,’ A, voL 136, p. 23 (1932). 
t ‘ Proo. Roy. Soc./ A, vol. 128, p. 76 (1930). 
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pressure of the gas, and the course of the reaction for a given initial pressure 
being expressible by the usual unimolecular equation. The results found with 
iodine are given in Tables I and II. 

Table I. 

Temperature 700® C. Temperature 700® C. 

Iodine, 0*032 mm. Iodine, 1 *4 mm. 


Tune. 

1 

Amount 

changed 

k 

(ummul.). 

Tune. 

Amount 

changed. 

h 

(unimoL). 

seconds 



seconds 



7 

10 

0 00521 


25 

0 0083 

15 

20 

0 00608 

n 

35 

0 0087 

23 

30 

0 00524 

22 

45 

0*0091 

34 

40 

0 00406 

20 

66 

0 0000 

44 

50 

0 00508 

37 

65 

0 0089 

57 

60 

0 00503 

47 

75 

0 0088 

72 

70 

0 00602 

73 

05 

0 0000 

02 

80 

0 00490 

oo 

122 

— 

163 

105 

0 00500 




00 

124 






Table 11. 

Temperature 676® C. Catalyst, 6 mm. 


Imtial prenure of 
nitrous oxide. 

Time of half ohanRo, r. 

nun. 

seconds 

482 

81 

337 

82 

126 

87 

78 

08 


The reaction is homogeneous, x being almost exactly the same in an un- 
packed silica liulb and in one packed with spheres of silica, the area/volume 
ratio of which was about 16 times greater. 

Catalyst (mm ) t, unpacked vessel. x, packed vessel. 

0'S4 43 40 

23 26 29 

The influence of the iodine concentration is shown in Tables III and IV. 

The flgures for the partial pressures of molecular and atomic iodine are 
calculated from the equation 2 CaH 7 l — CgH^ + CjHg + 1, and from the 
measurements of Bodenstein and Starck* on the dissociation of iodine, which 


* * Z. ElektKOchem.,’ vol. 16, p. 061 (1010). 
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Table III. 


Temperature 700"* C. Initial pressure of nitrous oxide, 300-400 mm . 


Total pressure of 
deo^poeed 
{■opropyl iodide. 

Partla] pressure 
of 

iodine atoms. 

Partial pressure 
of 

iodine moleoiilee. 

Half life. 

mm. 

mm. 

mm. 

secondn 

0 

— 

— 

1079 


0 045 

0 001 

60 

0 as 

0 10 

0 007 

52 

o-se 

0 34 

0*07 

43 

1-96 

0 61 

0*24 

40 

4-8 

1 1-06 

0 73 

34 

6S 

1 34 

117 

31 

23 

1 3 0 

5 7 

25 


Table IV. 

Temperature 660° C. 


Total preeaure of deoomposed 
isopropyl iodide 

Half life. 

mm. 

seconds 

0 

5600 

0 49 

262 

2 7 

211 

4 7 

168 

23 

137 


by a small extrapolation give 2 -07 x 10 for pi®/pr. at 700° C., the unit 
being the atmosphere. A slight inaccuracy is caused by the decomposition 
of the hydrocarbons, but this is of no importance and does not appreciably 
affect the relative values of pi and It will be seen that at the lower 
pressures of the catalyst the iodine is present predominantly in the form of 
atoms. This at once raises the question whether the atom or the molecule is 
the effective agent. The problem should be soluble in principle by studying 
the form of the curve relating t and th(j concentration of the catalyst, but the 
results with iodine are not very well adapted to this purpose, because the 
concentrations at which measurements ran be made conveniently are already 
in the region of saturation. With chlorine and bromine the conditions are 
more favourable. 

Two series of experiments were made with bromine : in the first free bromine 
was used, the mercury in the manometer being protected from attack by a 
buffer of 50 mm. air, while in the second series the bromine was produced in 
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the reaotion vessel by decomposing propyl bromide, the hydrogen bromide 
formed being oxidised by air before the nitrous oxide was added. The 
similarity of the two sets of results shows that the action of the other substances 
present is negligible compared with that of the halogen. In fig. 2 all the 
results are plotted on one curve, taking the bromine pressure to be one-fifth 
of that of the total decomposition products of the propyl bromide. 


Table V. 

Temperature 722° C Initial pressure of mtrous oxide, 280-310 mm. 


Preflaure of bromine | 

1 

Partial pressure of bromine 
atoms 

Half hfe 

mm 

mm 

seconds 

0 

0 

650 

0 20 

' 0 048 

220 

0 40 

0 071 

225 

1 04 

0 119 

161 

1 1 1 

0 122 

150 

2 4 j 

1 0 180 

1 127 

4 7 

0 252 

102 

11 

0 39 

66 

10 

0 47 

62 

27 

0 60 

52 


The partial pressures of bromine atoms are calculated by extrapolation of 
the data of Bodenstein,* K, at 722° C being approximately 2 X 10"® (atmo- 
spheres). 

Table VI. 

Temperature 722° C Initial pressure of nitrous oxide, 300-310 mm. 


Pressure of decomposed 


propyl bromide 
(iMfore oiridation) | 

Half life 

1 

mm 

I 

seconds 

0 

650 

0 5 

827 

3 

222 

6 

178 

11 

133 

15 

119 

33 

97 

50 

104 


With bromine, as with iodine, the reaction is of the first order. For example, 
with a constant bromine pressure of 2 mm. the half life values at 705° C. for 

« * Z. Elektmohem.,’ vol. 22, p. 327 (1216). 
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34, 110, 261 and 433 mm. nitrons oxide were 226, 237, 275 and 230 seconds 
respectively. 

Experiments were made with free chlorine, the manometer being protected 
as before by a bnSer of about 50 mm. air. 


Table VIL 

Temperature 722° C. Initial pressure of nitrous oxide, 300 mm. 


Pressure of chlorine. 

Partial presaure of chlorine 
atoms. 

Half Ufe. 

mm 

1 

mm 

seoonda 

0 

0 

660 

1-6 

U 0114 

436 

3 2 

0 0180 

390 

4*75 

0 0203 

309 

71 

0 0248 

264 

11 2 

0 0.311 

216 

18 0 

0 0404 

196 

100 

0 093 

116 


The partial pressures of atomic chlormc are calculated from the data of 
Wohl,* which by extrapolation to 722° C. give for Kp the value 1 • 15 x 10“^ 
(atmospheres). 

Table VIII 

Temperature 680° C. Initial pressure of nitrous oxide, 200 mm. 


Premure of oblonne. | 

Half life. 

mm. 

aeoonda 

0 

2460 

U 

826 

32 

644 

68 

516 

103 

384 

20>1 

237 


Discussion of the Results 

With iodine the rate of reaction reaches a limiting value as the concentration 
of catalyst increases ; the iBrst impression given by an inspection of the Tables 
V to VIII is that similar limits exist with chlorine and bromine, but more 
careful consideration shows that the matter is not easy to decide. 

Iodine exerts a marked influence under conditions where it is present 


♦ ‘ Z. Eioktroohem.,’ voL 30, p. 36 (1924). 
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predominantly in the atomic form. This suggests that the atom may bo the 
effective catalyst. When the velocity constants of the various reactions 
(X: == log^ 2/t) are plotted against the actual concentrations of free atoms, the 
tendency to reach a limiting value is seen still to be clearly marked with iodine, 
but much loss definite with bromine, though the curve is distinctly convex 
to the rate axis. With chlorine the maximum atomic concentration employed 
is still 80 small that there is little sign of departure from a straight line relation. 
Thus with chlorme and bromine it is hard to come to a definite conclusion 
about the existence of the limitmg rate, though fig. 1 shows that there is no 
reason to believe that it might not be reached as with iodme, and indeed with 
bromine there are positive indications of this. 

If the halogen molecule were assumed to be the catalyst, then the existence 
of the limiting rate would be beyond doubt smee in fig. 1 we should have to 



Kio. 1. — Catalysis of the l>ooomposition of Nitrous Oxide by Halogens. The results for 
lodmc are corrected to a temperature of 722^ to make them comparable with those for 
bromine and chlorine. The two points for the highest chlorine concentration are 
scaled up from a lower temperature. 

plot the rates against the actual pressures of the chlorine and bromine mstead 
of agamst what is virtually the square root of the pressure. All the curves 
would then bend round quite sharply. 

Several kinds of mechanism may be postulated to explain the tendency of 
a homogeneous reaction to reach a limiting rate. 

1 . The catalyst may act in virtue of its ability to communicate the activation 
energy effectively to molecules which would only acquire it much more slowly 
in the absence of the oatal}rst. These decompose or react, not at the moment 
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of the aotiyating collision, but after a finite interval of time during which they 
are exposed to the risk of deactivation. Molecules of the catalyst are them- 
selves able to cause deactivation. 

2. The molecules of the reacting gas may be activated independently of the 
catalyst, but require the co-operation of the catalyst before their final trans- 
formation can be completed. In the meantime they are exposed to deactiva- 
tion by such influences as collisions with tlieir own kind. As soon as thS 
concentration of the catalyst becomes high enough to ensure that all the 
activated molecides have a reasonable chance of meeting a catalyst molecule, 
before being deactivated, the rate of reaction begins to approach a limiting 
value. 

3. The catalyst may activate the molecules of the reacting substance and 
remain temporarily associated with them m the form of a complex, which 
undergoes the completed decomposition after a certain lapse of time unless 
it has been previously resolved into its constituents again by further collisions 
with catalyst molecules. 

4. There may be a chain reaction in which the catalyst plays the dual role 
of sUrting and stopping chains. 

It is easily shown that mechanism 2 gives a reaction of the second order 
with respect to the nitrous oxide ; mechanisms 1 and 3 give first order reactions 
with velocity constants proportional to b [Cataly8t]/(1 + V [Catalyst]). The 
limiting rate given by mechanism 1 is the same for all catalysts (compare the 
influence of certain inert gases on quasi-nnimolecular reactions)^ while that 
given by 3 varies with the catalyst. It is hardly possible from the experi- 
mental results to decide conclusively between 1 and 3. On the whole, we 
are inclined to regard 3 as the most probable, and the possibility of a chain 
mechanism must also be borne in mind. 

The following facts render probable the conclusion that the effective catalyst 
is the halogen atom ; firstly, lodme is active under conditions where it is 
predommautly in the atomic form, and secondly, with chlorine and bromine 
k plotted against the square root of the halogen concentration gives an approxi- 
mation to a straight line over the range indicated m fig. 1. If there is no need 
to assume the existence of a limiting rate, the latter fact proves without further 
discussion that reaction depends upon collisions between nitrous oxide molecules 
and atoms of chlorine or bromme. With the existence of a limit the square 
root relation might be of no particular significance, but even here detailed 
calculation shows the results to be in better accord with the atomic than with 
the molecular hypothesis. To see this we proceed as follows. From the 
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eqaation Jfc = 6 [X] /(I -t- 6' [X]), where X is the concentration of the catalyst, 
it follows that T plotted against the reciprocal of [X] should give a straight 
line. Fig. 3 shows t for bromine plotted against l/[ Brj] and against l/\/[Brg], 
against l/[BrJ. It will be seen that there are clear indications of a limiting 
rate corresponding to t = 32, and also that the square root relation is the 
appropriate one. The equation given above neglects the rate of the un- 
catalysed reaction in comparison with that of the catalytic, an approximation 
which ceases to be valid when the bromine concentration is small. A better 


approximation is 



l+6'v/[Brj’ 


which is simply transformed into 


T = T« + 


V[Br,] 




Tq being the half life in the absence of the catalyst and that corresponding 
to the limiting rate. In fig. 2 the contmuous line is drawn from the equation 


T 


32 + 


186 

vm 



while the points are the experimental values (those indicated by circles 
referring to experiments made with propyl bromide). 
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The marked differences in the catalytic efficiency of the various halogens 
are largely accounted for by the differences in the dissociation constants. For 
a given atomic concentration fig. 1 shows the order of magnitude of the various 
influences to be the same, though iodine is still considerably more effective 
than the other two halogens. This may well be connected with the greater 
ease of formation of iodme oxides, for even at high temperatures this may 
reveal itself in the greater ability of iodine to assist the removal of the oxygen 
atom from the molecule of nitrous oxide. Whether, however, a defimte chain 
of reactions is set up in which various transitory iodine oxides play a part 
is a matter for speculation , it is suggested by the mechanism of the catalysis 
of the decomposition of ozone by halogens, where apparently several different 
oxides of chlorme and bromine are involved. The extreme instability 
of halogen oxides at high temperatures is not a serious objection, since their 
life need not be supposed to exceed the time between two collisions of the 
chemical type necessary to form and destroy them. The stability of the 
oxygen atom in N^O at 700° 0 is about the same as that of the odd oxygen 
of ozone at ordinary temperatures, so that the molecular forces may 
well be of the right magnitude to allow the iodine atom to combine with it. 

The inverted order of chlorine and bromine in the series in fig. 1 is probably 
not of much significance. The differences may possibly be explained by the 
fact that with chlorine there is always a great preponderance of molecules 
present, and that these may be expected to exert an effect of their own is 
evident from the catalytic activity of such gases as nitric oxide. At an atomic 
partial pressure of 0*1 mm. under the conditions shown in fig. 1 the partial 
pressures of the molecules are respectively 0*007 for iodine, 0*66 for bromine 
and 114 for chlorine. 

Temperature Coefficient of the Reaction Velocity. 

The determination of the temperature coefficient is complicated by the 
changing degree of dissociation of the halogens. The plan adopted was to 
make measurements at different temperatures with a relatively high constant 
pressure of the halogen, and to calculate the actual pressure of atoms present 
at each. For one temperature data are available for plotting rate against 
atomic partial pressure ; over not too large a range this curve may be used to 
correct the results at each temperature to a constant concentration of atoms. 
From the data corrected in this way the energy of activation may be calculated. 

In all experiments the initial pressure of nitrous oxide was 300 mm. The 
bromine pressure was 4 mm., chlorine pressure 13 mm., while for iodine 6 mm. 
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of decomposed isopripyl iodide were used. T is the Centigrade temperature, 
T the observed half hfe, and 'z that corrected to a constant partial pressure of 
atoms. 



Table IX. 



Ii>din<*. 



Bromine. 


Chlorine. 

T. 

1 

T 

1 t' ; 

i 

T ! 

! 

T. 

r\ 

T. 1 

T. 

r'. 

700 

:n 

31 

746 

51 

62 

744 

1 123 

[ 

137 

S7fi 

82 

75 5 

722 

112 

112 

1 722 

210 

210 

660 

158 

136 

700 

220 

181 

1 702 

1 448 

368 

625 

433 

, 349 

680 

443 

315 

1 682 

820 

624 

K 

= 51,500 cal 

E =» 48,500 cal. 

E = 

== 46,500 oal. 


The values of E are given to the nearest 600 calories Having regard to 
the possible errors we may consider the differences between them unimportant ; 
indeed, for theoretical calculations it would probably be best to assume a 
standard value equal to the average, 49,000 This, as might be expected, is 
appreciably lower than that of the uncatalysed reaction. If the halogen 
molecules were assumed to be the catalysts, then the changing dissociation 
would not have to be taken into account in this way, and the values of E would 
be 69,000, 63,000 and 69,000 for chlorine, bromine and iodine respectively. 
These are improbably high, which lends some mdirect support to the view that 
the atom is the catalyst. The corrected values are naturally subject to greater 
uncertainty than they would have been had a more direct method of deter^ 
mination been possible. If the rate of reaction had been a strict linear function 
of the atomic concentration, then it is easily shown that the correction to be 
applied is half the heat of dissociation of the halogen molecule. This would 
make the corrected value for bromine about 40,000 calories. The actual value 
lies between this and the uncorrected value, since the rate of reaction is rather 
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less than directly proportional to the atomic concentration. The value 
of E which would allow the observed rate of reaction, with 0*2 mm. catalyst 
and 300 mm. nitrous oxide at 722° C., to bo accounted for with activation m 
two square terms only is about 35,000 calories. Thus either several degrees 
of freedom of the .system NjO-Br are involved m the process, or some kind of 
chain mechanism operates, or the collisions between the*, halogen atoms and 
NgO are asso<;iated with an “ abnormal diameter.** 

Photochemical Experimentfi, 

If the decomposition is catalysed by the halogen atom, it should be possible 
to accelerate it photochemically, though the effect may bo difficult to detect on 
account of the mtensity of the light source required to produce a concentration 
of atoms comparable with that due to the thermal dissociation at 700°. It is, 
of course, useless to seek an effect at low tc'mperatures, since the reaction has 
a high heat of activation. Experiments were made between 600° and 700° 
m a silica bulb with an optically worked quartz plate fused to one end, con- 
tamed in a horizontal electric furnace also provided with an optically worked 
quartz window through which the bulb could be illuminated The source of 
light was a 1000 candle-power tungsten lamp The light was filtered through 
copper sulphate solution and cooled and concentrated by passage through a 
globe contammg running water. With iodine it was useless to seek any effect 
at 700° since the limiting rate is too nearly reached at any convenient con- 
centration, but at 600° ail appreciable acceleration was observed. With 
chlorine no acceleration could be detected, probably becausi' of the unfavourable 
extinction coefficients, but with bromine a small definite effect was found. 
The best conditions for observing it were with about 0*5 mm. bromine and 
300 mm. nitrous oxide at 650. The method of observation was to take the 
times required for the pressure in the reaction vessel to increase by successive 
amounts of 10 nun. with the light alternately on and off. The relative 
shortening of the intervals by illumination is shown in fig. 4. At higher 
concentrations of bromine the relative acceleration by light is less marked. 

tSumfuary, 

The thermal decomposition of nitrous oxide is markedly catalysed by halo- 
gens. It is probable that the free halogen atom is the effective catalyst. With 
iodine, and possibly with bromine and chlorine, the rate reaches a limiting value 
as the concentration of the catalyst increases. The reactions are homogeneous 
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Feo. 4. — ^Aooeleration ,by Hght of the daoompoextioa of the bronuae-oatalyBed nitrous 
oxide. Shaded oiroles refer to dark intervab, open oiroles to illuminated interrab. 

and are unimolecular with respect to the nitrous oxide. The mechaniBm of 
the process is discussed. 

We are indebted to the Royal Society and to Imperial Chemical Industries 
for grants with which apparatus for this investigation was purchased. 


Some Measurements of Upper- Atmospheric Ionisation. 

By E. V. Appleton, F.R.S., and R. Naismith, A.M.I.E.E. 

(Received March 12, 1932.) 

1. Introduction. 

In the wireless exploration of the electrical structun* of the upper atmosphere 
a considerable simplification in the interpretation of the experimental results 
is effected if the emitting and receiving stations are placed very close together. 
In such a case it can be assumed that the waves have travelled to and from 
the reflecting region approximately along the same track, and, if care is taken 
that the emitting station radiates appreciably in an upward direction, wo may 
further assume that reflection from the upper-atmospheric layer takes place at 
normal incidence. The advantages of such a simplification arise as follows. 
The two quantities which can, in general, be measured in the type of wireless 
experiments we are considering are (a) the group-time for a signal to traverse 
the atmoepherio ray track, and (b) the angle of incidence 6^ of the waves at the 
lower boundary of the ionised region. From (a) we can deduce the equivalent 
path of the waves m their overhead journey. Also since sin 6q is equal to p, 





Measurements of Upper-Atmoepheric Ionisation. 87 

the refractive index at the highest point of the wave track, and since the 
relation between refractive index and ionisation is known, we can find from 
(6) the maximum ionisation content experienced by the waves It is therefore 
clear that, m the case of experiments at normal incidence, it is not necessary 
to supplement the measurenients of group-time by measurements of angle of 
incidence, smce it may be assumed that the waves have been reflected at a 
region where the refractive index has been reduced to zero. Another advantage 
arises from the fact that the very complicated expressions for the refractive 
indices of the two component waves which travel in an ionised medium which 
is subject to the influence of the earth’s magnetic field, yield easily calculable 
values of the ionisation content in terms of the wave frequency for the particular 
conditions (jl* = 0. 

As a result of the investigations* <'arried out within the last few years it 
has been shown that then^ exist in the upper atmosphere two ionised n^gions 
from which wireless waves are n*flccted. The lower of these two icgions is 
the Kennelly-Heaviside layer, the existence of which was inferred by Kennelly 
and Heaviside more than a quarter of a century ago to account for successful 
communication by long waves over long distances. The upper region has 
been shown to be richer in ionisation than the lowtT, so that when waves 
pemetrate the Kcrmelly-IIeavisidelayerthey may still l>o reflected by the upper 
region. If, therefore, we project vertically upwards waves of gradually 
increasing frequency (and therefore gradually shorter wave-length) we find 
that, at a certain critical frequency, the Kennelly-Heaviside layer is just 
penetrated and reflection begins to take place from the upper region. Smce, 
as has been stated above, we assume that reflection at vertical incidence takes 
place at a place where the refractive index tends to zero and since the expression 
for the refractive index, in terras of N the ionisation content and /the frequency 
of the waves, is known, the maximum value of N is evidently determined by 
the critical penetration frequency of the waves. 

The penetration frequency of the lower region is more easily found than the 
penetration frequency of the upper region, since the former is indicated by a 
discontinuity in the curve in which equivalent height is plotted against fre- 
quency, while the latter can only be inferred from the absence of downcoming 
waves in the case of frequencies higher than a certain value. The present 
communication is confined chiefly to observations on the critical penetration 


• ‘Nature,’ vol. 120, p. 330 (1027); ‘lYoo Roy. Soc.,’ A, vol. 126, p, 642 (1930); 
‘ Proc. Roy. Soc A, vol. 128, p. 133 (1930) , ‘ Proc. Roy. Soc.,’ A, vol. 128, p. 169 (1930) 
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frequency of the lower region with Bpecial reference to its diurnal variation 
and to its significance as a measure of the maximum ionisation content of the 
lower region. 

2. JJpper-atmosjiheiic Refieclion of Wireless Waves at Vertical 
Jncfideiice. 

Experiments carried out at the Peterborough Radio Research Station m 
1929 showed that it was possible to reduce the distance between the sending 
and receiving stations to 1 mile and yet obtain evidence of the mterference 
phenomena from whicli we are able to measure equivalent heights. Later, 
at the Radio Research iStation, Slough, these experiments were continued and 
the dislaiue m question reduced to 180 yards. The detec.tion of downcoming 
waves under such conditions was found to be facilitated by the use of an 
emitting aerial with a long horizontal portion, which ensured appreciable 
upward radiation, and also of a loop aerial at the receivmg station turned so 
as to be in the “ minimum position for the reception of the direct ground 
tiansnussion bctweim the two stations It was clear from the experiments 
that the chief difiiculty in working at short distances could be attributed to the 
excessive strength of the direct ground signal relative to that of the down- 
coming waves. We were, however, able to make enough measurements, 
particularly on the shorter wave-lengths, to be able to demonstrate satis- 
factorily that tliere is no detectable difference between the values of equivalent 
height measured at a distance of 18() yards and those measured at greater 
distances up to 9 miles. 

Since, in the determinations of the critical penetration frequency of the 
Kennelly-Heaviside layer, it was necessary to extend observations to wave- 
lengths as long as 600 metres, in which case the low attenuation of the ground 
waves make it quite impossible to detect downcoming waves at very short 
distances, the measurements detailed in this paper were carried out at a distance 
of 9 miles from the emitting station. Even at this distance, however, we know 
that the angle of incidence was never greater than, and usually very much less 
than 6 degrees. Working at this distance we were able to make measurements 
of the equivalent height of reflection for a range of wave-lengths from 600 to 
60 metres ; that is, for a range of frequencies from 0'6 X 10* cycles per second 
to 6 -0 X 10* cycles per second. We believe that the data obtamed would 
not have been materially different had the distance between the emitting and 
receiving stations been a few hundred yards. 
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3. The Rehlion between Equivalent Height and Frequency, 

The measurements of equivalent height given below were all made using the 
frequency-change method, In the present stage of our technique we are able 
to make a reliable measurement for a single moan frequency in 10 minutes so 
that a set of comparison measurements on six different frequencies can be 
made in an hour. For sunrise and sunset conditions, however, the ionisation 
in the Kennelly-Heaviside layer is altering so rapidly that the measurements 
made on, say, 12 frequencies during a run of 2 hours, are hardly strictly com- 
parable. But round about noon the ionisation, as will be shown below, 
reaches a maximum and a comparable set of observations is possible between 
say, 11 a.m. and 1 p.m. 

In fig. 1 18 exhibited a series of equivalent height measurements, for a wide 
range of frequencies, made during the 2 hours round noon on October 9, 1931. 



This curve is typical for magnetically-undistmbed days at this time of year. 
It will be seen that for frequencies up to 3-33 X 10* cycles per second (90 
metres wave-length) deviation took place at the Kennelly-Heaviside layer, 
Region E, the equivalent height increasing slightly with increase of frequency. 
For frequencies of 3*76 X 10® cycles per second (80 metres wave-length) and 
over deviation took place at the upper reflecting region, Region F. Here 
the equivalent height is at first reduced but afterwards increased with increase 
of frequency. 
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The measurements exhibited in fig. 1 show that on the day in question the 
critical penetration frequency lay between 3'33 x 10* cycles per second and 
3*75 X 10* cycles per second, and we accept the mean value 3-64 X 10* 
cycles per second as an example of the nearest approach to the noon value of 
critical frequency we can obtain with our present technique. 

The interesting decrease of equivalent height with increase of frequency 
for frequencies slightly higher than the critical value is just such a phenomenon 
as may be expected* in the case of a true discontinuity in the nature of the 
path of the atmospheric waves. The equivalent [lath, P', of the atmospheric 
waves, from which the equivalent height is deduced for such measurements 

as we are considering, is equal to ( P + / 

V 

of the atmospheric waves. Now, if for a certam frequency, reflection ceases 
from the lower region and takes place at a higher level there will be a 
discontinuity in the optical path and therefore an uifimty in the relation 
between P' and /. Actually, of course, no such infinity is observed m 
practice for the reasoning given above is based on a ray treatment and it is 
in just such problems as this that such a treatment breaks down and has to be 
replaced by the wave treatment of Hartree.f 

In fig. 2 is exhibited a series of measurements made on October 2, 1931, 
between 11 am. and 1 p.m. G.M.T. This was a day on which a magnetic 
storm was in progress. It will be seen that, even for frequencies up to 
5-9 X 10® cycles per second, reflection took place from the Kennelly-Heaviside 
layer. On this day therefore we were unable to measure the critical frequency 
at noon and can only give its inferior limit. As will be shown later the maxi- 
mum ionisation in the lower region increases with increase of critical penetration 
frequency and, as we have very often found magnetic activity associated with 
a high value of critical frequency, we may conclude that the effect of a magnetic 
storm IS very frequently to increase very markedly the maximum ionisation 
in the Kennelly-Heaviside layer. 

4. The Rehiion between Ma^nnyam Ionisation and Critical Penetration 

Frequency. 

It has been stated above that total reflection of waves incident normally 
on the ionised layer may be supposed to take place at a place where the index 


, wliere P is the optical path 
df / 


* * Ppoc. Phys. Soc.,’ vol. 42, p. 321 (1930). 
t * Proo. Roy. Soo.,’ A, vol. 131, p. 428 (1931). 
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of refraction |X of the medinm is reduced to zero by the presence of ions or 
electrons. (We here use the term “ refractive index ” in the sense used by 
Lorentz,* limiting it to the real part of the complex refractive index used by 
other writers.) According to the simple theory of dispersion, however, the 
refractive index is never diminished quite to zero, even for very intense ionisa- 
tion, if the motion of the electric charges in the medium is subjected to frictional 
forces, and such forces must alwajs be regarded as present at the range of 



atmospheric heights wc are considering here But it should be noted that it 
IS just for the conditions m whicli |jl ih very small compared with imity that 
the simple treatment of wireless wave propagation in terms of rays breaks 
down, since it is not then possible to consider the properties of the medium 
as “ varying slowly ” within a wave-length-t For such conditions the ray 
treatment must be replaced by the wave-treatment of these problems previously 
given by Hartiee.t Further need for such a change is to be found m the 
experimental fact that, as the frequency of the waves is increased, the change 

* Lorentz, “ Theory of Electrons,'* p. 153. 

t The wave-length m the medium is here indicated. The value of this quantity approaches 
infinity as fi tends to seio. 

} ‘ Proo. Camb. Phil. Soo.,’ vol. 25, p. 97 (1929) and ‘ Proc. Roy. Soo.,* A, voL 131, p. 
428 (1931). 
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over from reflection at Region E to reflection at Region F, although rapid, is 
not exactly discontinuous, there being a small transitional range of frequencies 
in which the simultaneous reflection from both regions is observed. Such an 
effect clearly cannot be explained in terms of a ray treatment according to 
which reflection is complete or non-existent. 

Without a knowledge of the nature of the relative distribution of ionisation 
with height (as distinct from the actual values of ionisation content at different 
heights) we are unable at present to make use of Hartree's treatment. It can, 
however, bo regarded as certain that marked reflection can only take place 
from regions where [jl does not differ substantially from zero, and we feel 
justified in taking as a first approximation the condition |jt = 0 as expressing 
the properties of the medium m which the waves are reflected. Such a pro- 
cedure may also be justified by regarding the problem in another way. If we 
imagine the process of deviation as approximating to reflection from a stratum 
of sufficient thickness with a relatively sharp boundary (the wave-length being 
large as jx tends to zero) the reflection coefficient p (defined as the ratio of the 
reflected and mcident amplitudes) is given by 



where k is the absorption coefficient, c the velocity of light in txxouo, and p the 
angular frequency of the waves. When absorption is very small, as is the case 
in the problems we are considering, reflection becomes marked when the value 
of (JL approaches zero. 

At present we are unable to state with certainty whether the effective 
electrical carriers in the Kennelly-Heaviside layer are of electronic or ionic 
mass although it is fairly clear, from experiments carried out between Bast 
London College and Kmg’s College, London, by Mr. G Builder and one of the 
writers, that electrons alone are of importance in causing reflection from the 
upper ionised region. Now the general expression for the refractive mdex of 
an ionised medium for waves propagated in any direction relative to the 
earth’s magnetic field is 
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where k, c and p have the significance stated above and the quantities a, 
and Y similar to those used by Lorentz in his theory of dispersion, namely 


a 


47cNe* 


ItitNc* 


Tt = 


pHi 

drrcNe 


Yr.- 



dTTfNc 


> 


J 


( 2 ) 


Here N is the number of electric charges (of mass m and charge e) per cubic 
centimetre, t is the time between two successive encounters of a charge with 
gas molecules, and and are respectively the components of the earth’s 
magnetic field along and at right angles to the wavo normal. 

If friction is neglected we can put p and k equal to zero in (1), which then 
becomes* 


tJL*=l + . 


1 + a 


a/ -Jfl 

V /I , 


(1 + 


+ ^Tl* 


(3) 


from which we deduce that [x* — 0 when 


and 

or when 

and 


1 + ot = 0 (lower sign) 

1 + a = ± Vyi.* + Yt*= ± IyI (upper «gn) 
N -= 7 ./* (lower sign) 

i? 


N = } -g- (P±ffH), (upper sign) 
e* 


' (4) 

( 6 ) 

(«) 


/ being the frequency of the waves and/n equal to 

me 

or He/mc. 

* It is important to note here that, if p is made equal to zero, the right-hand side of (1 ) 
is equal to (x* only so long as it is zero or positive. If it is negative it is equal to — 
and (X* is then equal to zero. 
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It should here be noted that the relations (3), (4), (5) and (6) hold only for 
frictionless conditions which, as stated above, do not actually exist. Since, 
however, we know that absorption is small, we assume that the condition 

= 0 for zero friction gives us the condition when p, is approximately equal 
to zero for small friction. 

If, in (5) and (6),/ 1 & what wc have called the critical penetration frequency, 
N clearly represents the maximum value of the ionisation content in the 
Kennelly-Heaviside layer. The question therefore arises as to which of the 
three expressions in (6) and (6) we should take to calculate N^av when / is 
known. If the electrical carriers are of molecular mass {e.g., negatively 
charged oxygen atoms) the value of /„ is so very small that (6) and (6) are 
practictally equivalent. For electrons, however, the influence of the earth’s 
magnetic field cannot be neglected and we are faced with the difiiculty that 
p 18 equal to zero for three values of N. Until the somewhat complex magneto- 
ionic theory is further unravelled we are unable to state how much wflection 
takes place at the three heights at which these three values of N are successively 
attamed. This uncertainty would therefore, on general grounds, lead us to 
take the interniediatc value indicated by (5) as an average, though it also 
happens that there is a certain amount of justification derived from experiments 
made on the polarisation of downcoming wireless waves for doing this. If 
we imagine a plane-polarised wave passing vertically into the upper atmosphere 
theory indicates that, in general, it is split up into two elliptically polansed 
waves of opposite rotational sense and different absorption coefficients. 
Although for directions of propagation along and at right angles to the fi«ld 
such components (which in these special cases are cinmlarly and linearly 
polarised respectively) travel in regioia of increasing N without change of 
polarisation, the same cannot be said for other directions inclined to the mag- 
netic field. Here the characteristic polarisations change as mcreasmg values 
of N are reached. If the increase of N takes place slowly with increase of 
height we should therefore expect the components to be continually splitting 
and re-sphttmg as they progress further into the layer, so that signal impulses 
might be increased m duration. This process does appear to take place in 
the case of reflection from the upper ionised region, especially at night. On 
the other hand, if the maximum value of N were reached for a small depth of 
penetration, as appears to be the case for the lower region we are considering, 
the changes of polarisation (apart from those due to the difference in the two 
absorption coefficients) may not be so marked. Now it is known from the 
magneto-ionic theory that the right-handed component for propagation 
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vertically upwards (and the left-handed component for propagation vertically 
downwards) has the lower absorption coefficient and this agrees with the 
experimental fact that downcoming waves, on their arrival at the ground, are 
found to possess a predominant left-handed polarisation. Since components 
of lower absorption coefficient are associated with the value of (x from which 
(6) is derived, (6) referring, in similar manner, to the component of greater 
absorption, we find support in the polarisation results for using (5) in the present 
instance. However, although in the later discussion of results we actually 
choose to do this, it should be noted that the results for (6) in the case of electrons 
would not be very markedly digerent if we were to choose (6) with the upper or 
lower sign. 



In fig. 3 are plotted the relations (5) and (6) for the different cases. The 
curve (a) represents the relation between and / for ions of molecular 

mass (e g.f 0 atoms) the scale of ordinates being on the right. The curves 
(6), (c) and (i) represent the relations between ^nd / for electrons, (c) 
illustrating (6), and (5) and (d) illustrating (6) for tlie upper and lower signs 
respectively. The ordinate scale for curves (6), (c) and (d) is on the left-hand 
side. In accordance with the discussion al>ove we therefore translate the 
experimental values of /into values of N,„„^ (ions) using curve (a), and into 
Nmax (electrons) using curve (c). 

6. The Diurnal Variation of Cnlical Frequency. 

In order to investigate the diurnal variation of critical frequency, isolated 
measurements were first made at different times of the day to find approxi- 
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mately the nature of the variation. This enabled us to develop a system of 
measurement which permitted hourly determinations of the critical frequency 
throughout the whole day. Such 24-hour runs were carried out in winter, 
spring and summer. The procedure adopted was to make enough determina- 
tions of the equivalent height at different frequencies to enable us to draw 
a curve such as is shown m fig. 1, from which can be deduced the limits within 
which the critical frequency must lie. The mean of such limits was taken as 
the critical value. Since, with our present experimental technique, about 10 
minutes is required both 1o change from one frequency to the next and to make 
a satisfactory determination of equivalent height, only six measurements of 
equivalent height could be made within an hour. It was therefore necessary 
to ensure that the critical frequency should ho within the frequency range 
used. This was possible from the results of the general surve}^ previously 
made. 

The results of the three 24-hour runs are shown in figs, 4, 6 and 6, which 
may be taken as illustrating the diurnal variation in winter, spring and summer 
respectively. The data for these curves were obtained using the National 
Physical Laboratory as the emitting station, the requisite equivalent height 
determination Inung made, using the fr(*quency-change method, at Radio 



Research Station, Slough, and at King’s College, London. A certain number 
of simultaneous observations were also made at the Cambridge University 
Officers Training Corps Rifle Range at Cambridge. Good agreement was 
obtained between the values of the critical frequency deduced from the 
observations at the different stations. 
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6. Discussion of RestiUs. 

With the aid of the curves m fig. 3, the data of the diurnal variation curves 
of figs. 4, 5 and 6 can be translated into graphs showing the variation of N,nax. 




thiou^out the day. Taking the spring day as typical the results of this 
translation for March 22/23 is shown in fig. 7, the left-hand scale of ordinates 
referring to electrons, and the right-hand scale referring to ions. The 
corresponding curves for winter and summer have the same general 
characteristics. 
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It ifi seen that, in all cases, the ionisation is a maximum about noon* and falls 
off steadily as sunset approaches. The ionisation continues to fall rapidly 



after sunset until an almost stationary night value is reached. Before ground 
sunrise the ionisation is replenished due to solar influence, the value of Nmax 
increasing rapidly. Such an increase of ionisation before ground sunrise is 
readily understood when it is realised that we are dealmg with events at a 
height of 80 to 100 km. above the earth’s surface. It is clearly evident from 
the spring and summer curves that the minimum of ionisation occurs just 
before dawn. (The constant value of critical frequency for the winter night, 
illustrated in fig. 4, is due to the rather wide spacing of the frequencies used m 
findmg the limits of the critical value on this, our first, 24-hour run. All the 
available wireless evidence suggests that the ionisation, in general, falls slowly 
to a minimum just before dawn during winter, as well as during summer 
nights ) 

The results obtained enable us to make a comparison of the maximum noon 
ionisation on summer and winter days. The data for such a comparison are 
tabulated in Table I. 

It will be seen that, if we assume that the effective electrical carriers are of 
electronic mass, the ratio of summer to winter ionisation is 3*1 to 1, whereas 
if we assume that the carriers are ions the corresponding ratio is 2-7 to 1. 

A figure of about the same value is obtamed whatever curve in fig. 3 we 
choose as illustrating the relation between N^ax, and /. There can be little 

* The pre-noon maximum in the spring ourve is probably an aooideatal oharaoteristio of 
this particular day, but further observations on this point are being made* 
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Table I. 


Season. 


inter 

Spnng 

Slimmer 


I Xoon i titical 
j frequency 
j (cycles pet s<*e.). 


2 11 - 10 « 
:5 2 . IU« 
4 'i I0« 


Nina\ 

olcutruns per 
cubic centimetre. 


1*2 ^ 10“ 
I 9 N IU“ 
a 75 ^ 10* 


Nina\ 
inns per 

cubic centimetre 


3 7 X 10* 

5 6 X lO* 

10 1 ( 10» 


doubt, therefore, that the ratio of summer noou ionisation to winter noon 
ionisation is represented by a figure of 2 to 3. In this connection it is interest- 
ing to compare these results with those obtained by S. Chapman* lu his 
theoretical investigation of the absorption and dissociative ionising effect of 
monochromatic radiation in an atmosphere on a rotating earth. In this 
investigation it is found that for the lat itude of London (51 • 5° N) the summer to 
winter ratio of the maximum rate of alisorption of the radiation at noon is 3-4. 
Now if we assume that the process responsible for the decay of ionisation is that 
of ordinary recombination, the equation relating tlie ionisation N to time t is 

(7) 

where q is the number of charges prodiieed by th(‘ ionising agency per second 
and a is the coefficitmt of rei oinliination. Now at noon dV!/(U is zero so that 

q =- aN2. (8) 

Now, according to Chapman, the ratio of tin* suniniei and wintei values of q 
iH 3*4 so that the ratio of th(* summer and wint(‘r values of N (electrons or 
ions) IS \/3'4 or 1’84. 

There is, however, another possible dissipative process to be considered if 
the effective ionisation consists of (.arrieis of electronic mass. It is most 
likely that the oxygen molecules in the upper atmosphere are photo- 
electrically dissociated into oxygen atoms so that there is the possibility that 
electrons may become attached to such atoms and thus relatively cease to be 
effective in influencing radio propagation. AVe should, therefore, in such a 
case, replace (7) by an equation of the form 

( 9 ) 

* ‘ Proc. Phjs. Soc.,’ vol. 43, p. 2« (1931) and vol. 43, p. 483 (1931). 
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where p is the attachment coeffic*ieut, since we may expect the number of 
attachments per second to be proportional to the total number of electron 
collisions with oxygen atoms. As dHjdt is zero at noon we now have 

( 10 ) 

m which case we should expect the ratio of summer to winter values of N to 
be 3 '4. We therefore see that a consideration of the two processes of louio 
or electronic dissipation lead us to expect a ratio of summer to winter noon 
ionisation of the order 1*8 to 3-4. The experimental values of 2*7 and 3-1 
lie within this range and perhaps suggest that, while both the proc-esscs of 
recombination and attachment are present, the latter is the more im|)ortant 
dissipative influence 

The general trend of the diurnal variation curve.s and their marked corre- 
lation with sunset and sunrise leave little doubt that the chief agency responsible 
for the ionisation is of solar origin and travels through the earth’s atmosphere 
111 straight lilies. It must therefore consist of either aetherial radiation (ultra- 
violet light) or uncharged material particles In this connection S. Chapman* 
Jias recently given reasons, derived from the evidence of the daily variations 
of terrestriul magnetism, for believing that the ionising agent for the lower 
ionised region consists of neutral atoms shot out by the sun and travelling 
with a velocity of the order of 1-6 X 10'’ cm. per second. Such corpuscles 
would be unaffected by the earth’s magnetic field and travel m straight lines 
through tlu‘ upper atmosphere, ionising the air molecules by collision There 
IS, however, a difiiculty in accepting this agency as that responsible fur the 
ordinal y diurnal variation wc have described above. We refer to the results 
of the wireless expenmentsf made in England during the solar eclipse of 1927 
m which it was foiuid that the effect of the eclipse was to cause a partial 
return to night -tim(! conditions. Now a striking feature of those results was 
that there was practically no lag between the changes in the Kennelly-Heaviside 
layer and the deprivation and restoration of the solar radiation from and to the 
earth by the moon. The equivalent height and the reflection coefficient of the 
ionised layer reached tlieir maximum values just about totality. Now Chap- 
man assumes that the same type of solar emission causes both the ordinary 
diurnal variation of ionisation and the marked increase of this quantity which 

* ‘ Froc. Koy 8oc.; A, vol. 132, p. 353 (1931). 

t Appleton, ‘J. Inst. Elec. Eng.,’ vol. 66, p. 872 (1930); see also * Radio Research 
Special Report Xo. 7 of the D S.I.R.’ 
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is associated with magnetic sturms. The stream of particles from the sun is 
considered as electrically neutral and ns consisting of positive and negative 
charges as well as a certain number of neutral atoms. The electrified particles 
are deflected by the earth’s magnetic field towards the polar regions where they 
give rise to the aurora while the neutral particles travel m straight lines and 
cause the ionisation m the lower region. 

A magnetic storm is therefore be regarded as resulting from an increase 
m the intensity of this solar stream, the nature of the constituents remaining 
the same as on an undisturbed day. We can therefore reasonably assume that 
the velocity of the particles m question can be estimated from data acquired 
in the study of magnetic storms Now Greaves,* from an exammation of 
Greenwich solar and magnetic data has derived evidence consistent with the 
‘‘ solar stream ” theory of the origin of magnetic storms which suggests an 
interval of days for the time taken by the stream to travel from the sun to 
the earth. 

A simple calculation shows that sucli a solar stream would take 4^ mmutes 
to travel the moon’s distance from the earth, as compared with an interval 
of j ust over 1 second for ultra-violet light . At first we were inclined to interpret 
the 1927 eclipse results as deciding lu favour of an ultra-violet light theory 
as against a particle theor}% in view of the fact that the maximum wireless 
effect occurred more nearly to 1 second than to mmutes after totality. 
But, on informing Professor Chapman of our views as to the possibility of using 
(‘clipses for deciding between these theories and of our deductions from the 
data already available, he very kindly investigated the matter further, and 
found that the time of travel of the supposed particles was not the main factor 
determining the time-relations between what may be called the “ particle 
eclipse and the “ optical eclipse.” In a paper shortly to be commumcated 
to the Royal Astronomical Society he has shown tliat, m 1927, the particle 
eclipse ” would have been expected to occur about hours before optical 
totality. In the 1927 eclipse no special search was made for wireless effects 
at a period If hours before the eclipse, nor would any observations at that time 
have had much value since the ordinary night-time variations would still 
have been present. In the forthcoming total eclipse in Canada on August 31, 
1932, however, totality occurs after noon so that it will be possible to make 
observations over the whole period m which particle and ultra-violet light 
eclipses are to be expected, and we wish to draw attention to the importance 

* “ Third Report of the Commission on Solar and Terrestrial Relationships (Int. Re^. 
Gonnoil),’’ p. 61> (1»31). 
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of this opportunity of deciding between the rival theoncB.* Meanwhile we are 
inclined to interpret the 1927 eclipse results obtained by one of us as demon- 
strating that ultra-violet light is an ionising agent of the lower region and look 
to the eclipse of this year as showing whether or not a neutral stream of particles 
IB also present. 

During the greater part of the year 1931 we have made weekly determinations 
of the critical frequency for fiegion E. These show that although the seasonal 
variation described above takes place, there arc many days on which the 
ionisation is above the normal value. Divergences from the ordinary appro- 
priate seasonal value of ionisation are always mcreases and not decreases. 
Such departures from what may, in the wireless sense, be called undisturbed 
seasonal values may be asenbed to the influence of particles constitutmg the 
solar stream. Summarising the above arguments, therefore, our experiments 
lead US to accept ultra-violet radiation as one of the causes, if not the chief 
cause, of the ordinary diunial replenishment of the ionisation in Region E and 
to regard the “ solar 8tn*am ” of neutral particles as causing the extraordinary 
effects on abnormal days. 

We now turn to consider certain other experimental facts derived from our 
experiments. Although the data m figs. 4, 6 and 6 indicate that, for the nights 
m question, the ionisation in Region E steadily decreased as the night advanced 
we have noted, on quite a number of nights, that the lonmation m Region E 
can actually increase at a period during the night when any solar radiation 
propagated rectilmearJy could not possibly be reaching it. It therefore appears 
as if there is some other agency which produces nocturnal ionisation beyond 
the ordmary amount constitutmg the residue from the day-time and it is 
therefore possible that part of the ordinary night-time value of 10^ electrons, 
or 3 X 10* ions, indicated m fig. 7 can also be ascTibed to this unknown 
influence. 

The present series of observations does not give us any clue as to whether the 
electrical carriers arc of electronic or atomic or molecular mass. The reason 
lor this is that the essential quantity measured in these experiments is 
N being the number of charges (each of mass m) per cubic centimetre. We have 
accordingly expressed the results for N in two ways, namely (a) for ions, and 
(6) for electrons. But other wireless evidence may be expected to shed light 

* It will be seen from the results described in this paper that possibly the most suitable 
wave-length for use in these experiments would be one which was ]ust greater than 
the oritioal value, so that a small reduction of ionisation would permit penetration of 
Regkm £. 
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on this question in the following way. If the charges m question are of ele(’- 
tronic mass we may expect that m the process of deviation the two magneto- 
ionic components resulting from a very short signal pulse will be separated in 
time because of the difference m group velocities.* Also we should expect 
that, in experiments with a sustained signal, the waves, deviated by the upper 
atmosphere would, on their arrival at the ground, exhibit some characteristic 
polarisation due to the diff(‘rential absorption experienced by the two com- 
ponents. Now, as mentioned above, Mr. Builder and one of the writersf have 
observed the doubling of signal pulses in the case of signals returned from the 
upper ionised region. (Characteristic polarisations are also noted for waves 
reflected by the same region There is therefore no doubt that, for the upper 
region, the electrical carriers are of electronic mass. In the case of the lower 
region the cviden<*e is not so complete, but it is known that a characteristic 
polansation is produced indicating the existence of electrons in sufficient 
numbers to produce absorption. Observations on the doubling of signal 
impulses, although actually observed m the rase of Region E, cannot be 
asenbod to magnetic influence with the same certainty as in the case of Region 
F. The results therefore so far lead us to conclude that while electrons must 
constitute a proportion of the ionisation m Region E, it cannot yet be said that 
ions exert a negligible influence on wireless propagation as can be said m the 
case of Region F. 

Although this paper is concerned primarily with the ionisation in the lower 
of the two atmospheric ionised regions it is of interest to compare the results 
described above with the corresponding values for the upper region obtained 
by Mr. Q. Builder and one of the writers in experiments carried out between 
East London (College and King’s College, London. (In these experiments the 
ionisation m Region F was found by determining the frequency of the waves 
which just penetrated both regions at normal incidence.) The results of this 
comparison may be summarised as follows : — 

(1) The day-time ionisation in Region F is about four or five times as 
intense as that in Region E. 

(2) The ionisation in Region F reaches a maximum 2 or 3 hours after mid* 
day, whereas the ionisation m Region E is a maximum at noon. This 
difference is readily attributable to the difference in the recombination 

* The condition most favourable for such a separation would be for the ionisation 
content to be sensibly constant over a considerable range of the atmospheno path so that 
the two components would be propagated independently. 

t Appleton and Builder, ‘ Proo. Phya. StM* vol 44, p. 82 (J9:i2) 
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coefiBcients in the two regions, recombination being more rapid in the 
lower than in the upper region. 

(3) The ratio of summer to winter day-time ionisation is about 1*8 to 1 for 
Region F, whereas it is about 2*5 to 1 for Region E. 

Summury. 

Experimental h ork on t he refle<*.t ion of wireless waves by the upper atmosphere 
has shown that if the frequency of waves, projected vertically upwards, is 
steadily incn^ased, the Kennelly-Heaviside layer (Region E) is ultimately 
penetrated and reflection takes place at the upper region (Region F) The 
critical penetration frequency, for which reflection at Region E ceases and 
reflection at Region F begins, is found to vary dmnially and seasonally. From 
measurements of the critical penetration frequency made in South-east England 
the variation in the maximum ionisation content of the Kennelly-Heaviside 
layer has been studied. The value of this ionisation is found to be at a maxi- 
mum about noon and at a minimum just before dawn The diurnal variation 
curves are found to corn*spond very closely to the theoretical curves obtained 
by 8. Chapman in his study of the atmosphenc ionisation produced by a solar 
stream of monochromatic radiation. Summer noon ionisation is found to be 
about 2^ times as intense as winter noon ionisation. 

Achiowledg^nenis, 

The experiments described above were carried out as part of the programme 
of the Radio Research Board of the Department of Scientific and Industrial 
Research. The authors wish to acknowledge their indebtedness to the many 
collaborators who assisted them ; to Messrs. E. L. Hatcher and A. C. Haxton, 
who carried out the transmission from the National Physical Laboratory on 
which all the observations were made ; to Mr. J. A. Ratcliilc and Mr. L. 6. 
Vedy, who made the check observations at Cambridge ; and to Mr. W. C. 
Brown, Mr. R. D. Gander and Mr. C- Slow for technical assistance at the 
receiving stations. To Professor D. R. Hartree we are grateful for helpful 
discusBion of certain theoretical points. We also wish to put on record our 
indebtedness to the late Dr. D. W. Dye, F.R.S., who, by making precision 
determinations of the frequency-changes employed, greatly increased the all- 
round accuracy of our measurements. 
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On a Large Scale Crystalline Structure in Certain Classes of 
Exceptional Composition, 

By Ijorcl Rayleigh, For Sec. R.8. 

(Rc<(‘ivccl ^Faroh 16, VXV2.) 

IVlatks 1-3] 

Some years ago I descnbed a doubly refracting structure in silica glass,* 
This was detected by examining the glass between crossed nicols, using the 
necessary precautions to get a really dark field, so that very weak double 
refractions are brought into evidence. 

The character of this double refraction was sucli that it could not be attri- 
buted to mechanical stress, and had rather to be assimilated to the “ liquid 
crystals observed by lichmann m some molted organic substances. 

For example, a disc of fused silica might indeed show the usual dark cross 
indicating mechanical stress, but superposed on this was a much smaller 
granular structure of crystalline or quasi crystalline origm This latter was 
still so large that it could be well examined witliout magnification, the size 
of the granules being about 0*5 mm. On melting and drawing out this 
materia], the granules were elongated into crystalline strings or fibres, and 
commercial silica rod and tubing was found to contain numerous strings or 
fibres of this kind, restoring light with crossed nicols at 45"", but giving extinc- 
tion at 0° or 90®. These fibres are immersed in amorphous material. It 
ought be supposed possible to prepare silica glass entirely amorphous, but I 
have not met with such. The double refraction of the crystalline parts is 
very weak, and was estimated at 0*05 that of rock crystal. 

Li that paper it was stated that similar effects had not been met with in any 
of the ordinary complex glasses — flint glass, crown glass, bottle gloss. This 
remains true. Nevertheless, it will be shown that the case of silica glass is not 
unique. 

My attention was recalled to this subject by casually examining a plate of 
“ corex ” glass, of high ultra-violet transparency, made by the Corning Com- 
pany, U.S.A. This consists in the main of calcium phosphate, and shows 
between crossed nicols a structure very similar to that formerly found in silica 

• ‘Proc. Roy. Soc.,’ A, \ol. 98, p. 284 (1920). See also ‘Proc. Optical Tonvention,’ 
Pt, I. p. 41 (1928). 
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glass. A preliminary notice was sent to ‘ Nature/* and the intention was 
(‘xpresHcd of examining other glasses of exceptional composition. 

In doing this, the nieols were used as before without lenses or glass caps 
between tlicm, since these are unfavourable for getting the darkest possible 
field. The specimens when piocured from outside sources were in many cases 
polished, but glasses which are higlily unstable in moist air cannot well be 
polished. In such cases, and in home preparations generally, the surfaces 
were ground flat, to the desired thickneas (2 to 3 nmi.) and cover slips as used 
in mlc.ro8copic work were cemented with Canada balsam on either side of the 
specimen. These thin covers do not seriously .spoil the dark field. 

Since field lenses are not admissible, the size of the specimen that can be 
photographed at one exposure is limited by the cross sta tion of th<^ nicol prism 
available. A long camera was used to take the photographs of twice the 
actual size They could then b(‘ printed by contact, without the trouble of 
secondary enlargement. A pointolite lamp was usi‘d witli a condensing lens 
which passed a slightly converging beam through the large polarising nicol and 
then througli the specimen. The radiant came to a focus on the small analysing 
nicol in front of the photographic lens. In spite of the convergency, the beam 
emerging from I lie ixilansing nicol was large enough to cover the majority of 
the specimens 

The left-hand pliotographs on the plates, marked + are taken with the planes 
of vibration vertical and horizontal. The right-hand ones marked X are 
taken with the position of the specimen unaltered, but the crossed nicols 
rotated to the 46° ixisition, Tlie reproductions are 1*3 times actual scale. 

Some of the specimens examined were sent me by Professor W. E S. Turner, 
of the Department of Glass Technology, Sheffield University, who had seen 
my letter in ‘ Nature ' and most kindly responded to a request for any specimens 
of exceptional glasHt*^ which he might have available. Others were of com- 
mercial origin, and otliers were prepared in my own laboratory" with the simple 
appliances whicli were to hand, I had no means of measuring the temperatures 
of fusion, or of makmg more than small pieces. Tlic annealing was carried 
out in a small resistance oven with a mercury thermometer readmg to 600° C. 
to control the temperature 

T have found that some to whom I have shown the photographs have been 
inclined at first sight to attribute the structure to mechanical stress, and have 
a difficulty in understanding how this view could be excluded. It may be 


• Vol. 126, p. 848 (1930). 
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remarked in the first place that patchy or string-like structures of this kind are 
almost always conspicuously shown m silica glass, and are never seen at all 
in ordinary flint or crown glass. Silica glass is much less expansible by heat, 
and therefore much less liable to stress due to bad aimealing ; so that it is not 
very plausible on the face of it to resort to this explanation. 

There is, of course, nothing to prevent the materials here treated from showmg 
patterns due to mechanical stress, if m fact they are badly annealed. The 
question is how these patterns are to be distinguished from the others, and 
it admits of a simple answer. Let us take the case of a circular disc. If this 
IS badly annealed, then, as all opticians know, it shows a dark cross the arnts 
of which are the traces of the vibration planes of the crossed nicols In extreme 
<^ases there may be coloured rings in ailditinn. The arms of the cross are 
ihametncal to the disc, and thus bear a simple relation to its geometry as a 
whole. In the case of a rectangular or oval specimen we shall also get a dark 
cross, if the planes of vibration of the crossed nicols arc set along the principal 
axes of the specimen ; and even an irregular piece, if suitably oriented shows 
something similar.* 

Some specimens similar to those shown have been watched in the process of 
annealing A specimen of borax like that shown in 7 -j- and 7 X when poured 
out on a stone slab and allowed to <*ool m the open is very apt to fly to pieces, 
especially if it is more than 2 cm in diameter. If by good luck it does not 
do so, then it shows in the polanscopc* a tlim dark cross, fig. 1, A, with coloured 
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rings near the margin. The general glare is so great as completely to flood 
out the phenomenon under investigation with false light. On placing the 
s£>e<.imen m an oven and raising the temperature to 400'^ C. (which is about the 
minimum for effective annealing of this material) the stress pattern fades 
away in the course of a few hours. At 450* C. the action is verj much more 


* !5ee photograph No. 8+, in which case the apeeunen was by inadvertence not nuffioiently 
annealed to get rid of the stress structure altogether, and the dark crosn remains visible. 
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rapid. The process can be interrupted and the specimen allowed to cool 
for interim examination. The colours disappear, the arms of the cross become 
thicker, fig. 1, B, and the central dark region expands. In the penultimate 
stage, fig. 1, C, only narrow marginal patches in each of the four quadrants 
remam bright, and finally the central dark region has expanded to cover the 
whole specimen, fig. 1, D. Towards the later stages, as the false light due to 
stress diminishes the much fainter crystalline structure pattern comes into 
view. In practice the distinction between the t^^o is obvious at a glance. 
Once the stress pattern has b<;en got rid of, further changes due to a modifica- 
tion of the crystal-structure, so far as they occur at all. arc extremely slow. 
Not much has been done in the way of looking for such changes. In describing 
the actual observations it will be convenient to begin with glasses of high silica 
content, which link up most naturally with the pure silica glass formerly 
investigated. 

No. 1 is a glass received from Professor Turner (his label P.128) who gives the 
composition as 91*6 per cent. SiOg and 8*4 per cent. Na^O. It was made 
from pure materials, and melted m platinum at 1700° C , crushed and remelted. 
It was stirred with a platinum rod, poured and carefully annealed. 

No. 2 is also from Professor Turner (his label P.124) and the composition 
is given as 481O2 iNagO, 79*5 per cent. SiO, and 20*5 per cent. Na20. This 
was melted at 1400° C. In other respects the treatment was as m the previous 
case. 

No. 3. — ^This is commercial pyrex glass, from the Wear Glass Works, Sunder- 
land. It was taken from the bottom of a dish made for domestic use. In 
many cases pyrex shows no conspicuous structure, remaining dark between 
crossed nicols. In others, there are occasional isolated curved doubly refracting 
filaments, with the direction of extmetion at any point along the tangent and 
normal to the filament. In others again there is faint patchy structure. The 
specimen here shown was much the most striking out of eight or ten vessels 
that were examined. 

Pyrex, containing about 80 per cent, of SiOj, seems to be near the minimum 
silica content for showing this structure m the class of silica glasses. Even in 
pyrex, as we have just seen, the structure is often absent or inconspicuous. 
In ordinary window glass which contains 72 per cent, of silica, I have never 
been able to detect any trace of crystalline structure. It is also entirely 
absent from Hint glass (50 per cent, SiOj) and from baryta crown glass. 

Coming next to glasses in which silica is not the important constituent, we 
have in 4 the corex glass already mentioned, which was the origin of the 
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present work. This is the variety most transparent to ultra-violet light. Its 
composition is probably about the same as the foUowmg analysis'^ : — 

Pj 05 66*46 per cent., CaO 26-16 per cent,, BjOb 4-63 per cent., SiOj 2-12 
per cent., Al^Oa 0*37 per cent., FogO 0-03 per cent,, MgO 0-60 per 
cent., Na^O 0*56 per cent. 

It will be noticed that a largo part of the specimen remains dark m both 
positions + and x of the nicols, and may be regarded as isotropic. Coloured 
corex glasses (green, “ red purple ” and “ blue purple ’*) are also made by the 
Coming Company. These show the same kind of structure as the white corex. 

Corex is one example of a phosphate glass. Another was prepared in the 
laboratory by fusing microcosmic salt Small specimens made in this way up 
to 2 cm. diameter were often isotropic all over. In other cases they showed a 
doubly refracting structure over part of the area 

No. 5 is a pure boric oxide glass prepared under Professor Turner^s direction, 
by fusmg in platinum at 1400° C. It was received in the form of a roughly 
shaped rod of rectangular section. Two parallel faces were ground flat, 
scraped, and immediately protected with cover glasses before they could 
become cloudy. The matenal is very clear and free from bubbles. It was 
first of all examined visually, then carefully re-annealed, but the general 
appearances were not modified by this treatment. The photographs were 
taken after re-annealing. 

No. 6 is a specimen of the same prepared in my own laboratory by fusion at 
a much lower temperature. The results are generally similar to the preceding. 

The remaining photographs are of fused borax glass. 

No. 7 is a specimen prepared m the laboratory by melting and pouring out. 
It is for the most part isotropic, with a few crystalline patches. 

No. 8 is a slice prepared by grinding down a lump of commercial fused 
borax. The left-hand photograph (+ position of nicol) as already mentioned, 
suffers from imperfect annealmg, and would probably be dark all over if 
better annealed. The right-hand photograph (X position of nicols) brmgs 
the structure into view. The indications suggest that a large mass of the 
fused material has been broken up after cooling. The " planes of bedding ” 
shown m section in 8 are probably nearly parallel to the free surface of the 
initially fused mass and represent crystalline laminee, each lamina having its 
principal directions of vibration in, and at right angles to, its own plane. 

Reference has already been mode to the elongated crystals found in dravni'- 

* D, Starkie and W. E. S. Turner, ‘ Trane. Soc. Glam Technology,* vol. 12, p. 80S (1S2S). 
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out silica rod. It was of interest to see whether the same effect could be got 
in borax glass. Some borax was melted and poured out on a stone slab, 
(’hisel-sliaped pieces of iron were pressed down as quickly as possible and pulled 
apart so as to elongate the piece while still soft. It was then annealed and 
examined in the polanscope. No. 9 shows the result of an experiment of this 
kind. In the -f po.sitioii of the nicols there is nothing to be seen, but in the 
X jiosition two ciystHlline ribbons or fibres make their appearance, which 
sliow straight extinction, i.c., the principal directions are along and perpen- 
dicmlur to the length, as in the case of silica glass. In attempting to estimate 
the strength of the double refraction, we meet the difficulty that the doubly 
refracting parts are immersed in a matrix of a different eliaracter. For this 
reason only rough estimates have been made. 

In no case has the double refraction been strong enough to give perceptible 
(‘olour. In ordci to use the interferential tint as a criterion of tlie amount of 
double refractive, it is necessary to superpose a crystal plate of known retarda- 
tion, and to observi* the addition or subtraction effect. 

Tims, super jKJsing a quarter wave plate on the pyrex No 11, we find m one 
position darkness, and in th(‘ other a straw yeUow along an exceptionally 
conspicuoas filament, about 2 mm. wide. The retardation in the filament 
is then about quarter wave, and if we assume the thickness to be about the 
same as the breadth, tins indicates that about 8 mm. would be required to 
give one wave retardation About 0-06 mm. of crystalline quartz is required 
to give the same ( one wave) retardation. Thus the double refraction of quartz 
IS about IGO times greater by this rough test. 


Outstanding Questmts. 

The present work by no mt'ans exhausts the questions opened up by the 
observations. It would be important to determine carefully the effect, if 
any, of prolonged heating at carefully controlled temperature, on the crystaUine 
structure, and the relation of their effect to ordinary devitrification. In one 
cast*, I was able to obseiwe the development of the structure in a glass prepared 
by fusion of microcosmic salt, which was mitially isotropic, by prolonged 
heating below the softening point. Other experiments of the same kind caused 
rapid devitrification, resulting in opacity. I am under the impression that to 
get satisfactory and reproducible results in this direction, great care would 
be necessary to avoid contamination with particles of impurity, and to maintain 
constant temperatures. 
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It would bo important, too. to study what are the conditions forgetting theso 
glasses completely isotropic. It would not seem that this is likely to be a 
very tractable problem, for the occurrence of the crystalline structure is 
sporadic even in large scale comniercaal products like pyrex and corex glasses, 
which, one would suppose, must bt* made* under uniiorm and well-controlled 
conditions. 

An urgent problem is to determine the relation, il any, between the large 
scale Gr 3 rBtallme structure here investigated, and the minute structure revealed 
in glasses in general by means of X-rays.* It should not be specially difficult 
to isolate or “ dig out pieces of silica glass or pyn^x having an exceptionally 
strong double refraction and to examine these under X-rays, in comparison 
with the parts apparently isotropic. 1 have not been able to go into this, 
owing to lack of facilities, and preoccupation with quite other problems. 

I wish to express my thanks to Lady Riicker for the loan of the large nicol 
prisms used, and to iny assistant, Mr. R. Thompson, for t‘fficie,nt help m 
carrying out the experiments. 


Summary. 

The weak doubly ndractiiig structure of a quasi-crystallme nature formerly 
foimd in pure silica glass occurs also m highly siliceous glasses down to 80 per 
cent, sihca content. It occurs likewise in phosphatic glasses such as “ corex 
and in boracic glasses such as fused borax and fused boric oxide. 

* Randall, Hooks by undOoopci, ‘ Z K.iistillog.' vol 75, p 19S (19.30), also ‘ TraiiH Soc 
GIahs Technology,* vol. 14. p. 219 (1930), 
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By A H. Hughes and E. K. Rideal, F.H.S. 

(ll<‘COived March 17, 1932 ) 

[Plate 4.| 

Part L 

General Charaetenstivs and (he Behaviour of Gbadin, 

In recent years examuiatiou by means of the X-rays, expecially m the hands 
of Meyer and Mark,* and of Astbury.f and Beniai,:| has gone far to elucidate 
the structure of natural proteins existing in the filamentous form. Other 
important natural proteins occur as membranes, which, in many eases at least, 
are apparently so thin that one is led to saspect that they might be true films 
or monolayers. It appeared desirable to attempt an examination of the pro- 
perties of very thin artificially prepared protein films. 

Before any attempt can be made to elucidate the structure of such layers 
and to compute the tliickness of a film from experimental data on the weight 
per square centimetre and the bulk density, it is necessary to ensure both the 
uniformity and continuity of the film under observation. One might suppose 
that a true uniform protein monolayer would exist with a thickness as low as 
4 A , which is the lesser dimension as determined by means of the X-rays of 
the cross section of a simple polypeptide chain. Further, m the compre.ssion 
of films of long chain hydrocarlxm molecules with polar heads, transitions 
of state in the two dimensions an' observable : vaporous, liquid and solid 
films being readily identified. It is improbable that such will lx* obtained 
with protein films, for with the extremely long polypeptide chain extimded on 
the surface a vapour liquid transition would be diflicult to detect. Moreover, 
the solid form, if sucli is formed, on account of the hydrophilic character of the 
chain, would be expected to possess properties entirely different from the solid 
form of tlic non-polar hydrocarbon chain oontaming molecules where we may 
consider that a two-dimensional microcrystalline structure results. Two 
methods of <piantitative examination present themselves : the force area 

* “ Der Aufbau der Hwhpolymoren Organischen Naturatoffc ” (1930^. 
t ‘ Nature,’ vol. i2«, p. 913 (1930) , vol. 127, p. 003 (1930), 

X ‘ Z Kr\ataUog.,’ vol. 78, p. 363 (1931). 
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method devised by Lan^nniir and applied extensively by N. K. Adam,* and 
the method of surface potentials developtnl by Schulman and Rideal.f Informa- 
tion on the nature and chmif^e in the packing or configuration of the surface 
layer is obtainable by the former, and the uniformity of tlie film as well as the 
change in configuration, involving an alteration in the magnitude of the 
vertical component of the electuc moment of the polar groups can be investi- 
gated by the latter method 

The earliest method for forming thin protein films was to allow the protein 
to arrive at the surface from the bulk of the liquid. ])u Nouyf and HerGik§ 
have attempted to obtain quantitative estimation of the thickness of the 
adsorbed layer from surface tension measurements. The magnitude of the 
values obtained, 30 40 A , casts some doubt on the assumptions made as to 
the complete removal of the protein from the bulk phase, as well as the extent 
of adsorption on the walls of the vessel 
Wu and Ling.il from an examination of the rate of coagulation at the surface 
of solutions of proteins by shaking, concluded that the thickness of an albumen 
him was 34 A. This coagulation of proteins at the interface, or the separation 
ill a solid, insoluble or '' denatured ” form has been observed by numerous 
investigators, notably by Kamsden^ and by Roliertson,** and there can be 
little doubt that membranes of considerabh* thickiu'ss may be formed m this 
manner. The second method of obtaining films of the proteins consists in 
dispersing the protein in water or dilute alkali and dropping a small quantity 
on the surface of the liquid, a method employed by L)pvaux,ff Metcalf, ft and 
by Keenan §§ Devaux obtained from the maximum spreading areas computed 
thicknesses for albumen, peptone and casein of from 304K) A. Metcalf obtomed 
30 A as the minimum thickness of a solid film of peptone whilst, Keenan 
obtained for gelatine on mercury at pn 4-8 a thickness of only 7-5 A. 

Gorter and Grendel|||| replaced the method of computing the film thickness 
from the maximum spreading area by examination of the force area character- 

* “ The l*h\8ics and ChemiHtry of Surfaces ” (1030) 

t ‘ J^oc. Roy. Soo.,’ A, vol 130, p. 269 (1931) 

t Siuiaoe Equihbria of Biological and Organic O<illoids ’’ (1929). 

§ ‘ KoUoidzsehi,’ vol. 66, p. 2 (1931). 

; ‘ Chmese .T, Physiol vol 1, p 407 (1027) 

^ Proo. Roy. Soc.,’ A, vol 72, p. 150 (1903) 

** “ Physical Chemistry of the Proteins ” (1918). 
tt ‘ J- Physique,’ vol ,3 p. 4.60 ( 1904) 
ii ‘ Z. phys. Chem.,’ vol. 52, p. I (190.)) 

S»§ * 'f* ph\s. Chem ,* vol. 33, p 371 (1929). 

|l I * Proe. Acad Sci. Amst vol. 29, p 371 (1926) , ‘ Biochem. Z ,* vol 301 p 391 (1928), 
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^stics of films spread iu this manner on water and buffer solutions, in a Langmuir 
trough. Their values for thicknesses of various proteins extrapolated to zero 
compresflion vary from 10 A. to 300 A., whilst gelatine appears to give still 
thicker films. 

Their values for the limiting molecular areas for the fatty acids spread in a 
wynilar manner from dilute solutions of caustic soda are much lower than the 
generally accepted mmimum of 20*5 A.^ on the same substrates (in some cases 
as low as 4 A *). It is n^asonable to assume, as mdeed was observed by these 
investigators, that the material initially in the form of colloidal micelles may 
take a long time to become homogeneous, and at the same time with some 
proteins, solution may take place. The film under examination is, therefore, 
composite and far from homogeneous. 

Zocher and Stiebel* have applied their technique of dark field ultra- 
microscopy to examine various protein films. Serum proteins spread by Gorter 
and Grendels method revealed the presence of solid films which showed 
inhomogeneity, whilst Spiererf has examined by a similar method naked films of 
albumen sol containing 2*5 per cent, glycerine. Definite signs of stratification 
were obseorved, which hfe interprets as due to elemeutary lamella of protein 
micelles with a thickneia of 20-30 A. 


Experimental, 

Apart from objections already mentioned to the use of solutions of proteins 
in water or dilute caustic soda for spreading films, the possibility of actual 
hydrolysis of the protein renders this method unsuitable for obtaining films, 
and attempts were made to form them by the direct spreadmg of the protein. 
It was noticed that when a particle of solid precipitated egg albumen was 
placed on the surface of an aqueous solution, it spread to a thin film with great 
rapidity^ Examination of various proteins by this method revealed that whilst 
some, like keratin, would not spread at all, and others, like gelatine, spread but 
formed readily soluble films, a number spread uniformly to form films which 
were quite stable. To exaimne the resultant film quantitatively, it was 
necessary to devise a means of weighing the minute protein particle. This 
was achieved by a simple modified form of Nemst microbalance, fig. 1. 

The microbalancc consisted of a thiqr fused quartz fibre AB, about 26 cm. 
long, sealed with hard picene wax into a 
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bent at right angles and protrudes a short distance through a hole in the tube. 
The tube is clamped horizontally and the end of the horizontal portion of the 
fibre is observed against a vertical scale in the eye-piece of a microscope of 
magnification 10. 

Two instruments were constructed with sensitivities respectively at 6 ■ 6 . 10"* 
and 3-4 . 10“* gm. per eye-piece division, legible to 0*2 division. 

The instrument was calibrated with reference to m 3 ^istic acid which spreads 
spontaneously to a unimolecular film. A small crystal of the acid is melted 
on to the tip of the quartz fibre and the scale readmg of the fibre is taken. The 




Fig. 1. 


tip is then held in the surface of N/lOO HCI contained in a Langmuir trough 
when the film is allowed to spread to a surface pressure of about 0*5 dyne per 
centimetre. The film is now compressed and both the force area curve as 
well as the surface potential area curve determmed. Comparison with the 
values established on this substrate by the two methods by Adam and by 
Schulman and Rideal respectively, gives directly the weight of mjrristio acid 
on the surface, and this is compared with the change m deflection observed on 
the microscope scale. 

These two independent methods of calibration gave close agreement, as is 
observable in the following eiqierimental data. 


Table. 


Tempera- 

ture. 

Balance, 
divfi. X. 

Film area 
a. sq. cm* 

Surface procure 
or potential. 

Aroa/mol. 

A Bq A. 

a/Ax. 

Gm. /division 
(o/A*) 3 76 . 10-^ 

-c. 

13 0 

6 6 

473 

0'2 dyne 

48 S 

1T4 

6 5 . 10“* 

lS-5 

4-8 

320 

260 mv. 

38 0 

1 76 

6*6. 10-* 


In spreadmg the protein the tip of the fibre is first coated with parafiin 
wax (m.p. ca, 25° C.), then dipped into the protein ; surplus protein blown away 
and the deflection recorded. It was found advisable to use small quantities 
of protein, for with large amounts on the fibre, results were sometimes obtained 
showing deviations which could only be interpreted as duo to minute particles 
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of protein which had spread too rapidly, becoming embedded in the remainder 
of the film and failing to reach oquilibriiun in the duration of the experiment. 

The surface pressures of the films so obtained were measured with a Langmuir 
trough of Adam's type having a single torsion wire and reading to 0-2 d 3 aie 
per centimetre, whilst the surface potentials were measured with an apparatus 
of the type described by Schulman and Rideal, modified in respect to the 
polonium coated wire which serves as an air electrode. Originally this electrode 
was fixed over the surface of the liquid ; but in the apparatus used in these 
experiments it was attached to an arm which moved over a plate parallel to 
the surface of the liquid By this moans the surface potential over the whole 
area of the liquid can bo explored, and the homogeneity of the film tested. 

Preliminary oxperimonts revealed the fact that the protems gliadin, glutenin 
and egg albumen spread spontaneously on N/lOO HCl at 20° 0., glutenin more 
slowly than the other two. The film at first was perfectly fluid, but as more 
protein is added the rate of spreading decreases and equilibrium is finally 
reached with a definitely solid film. These solid films are quite different m 
charaetor from those of tlie long chain aliphatic substances such as palmitic 
acid. Tliey exhibit a peculiar gelatmous appearance and are remarkable 
both for their compressibility and elasticity. These gelatmous films appear, 
in respect to their mechanical properties at least, to be the two-dimensional 
analogue of the three-dimensional rigid elastic systems usually termed gels 
as formed by gelatine and water, and provisionally we may refer to this type 
of film as a gel. There is no sharp boundary between the liquid and 
gelatmous film. Some observations made on tlie two-dimensional sol-gel 
transformation as effected by pressure will be given later. 

Some points of interest are presented by a study of the collapse of these 
films under high compression, by means of the dark-field ultramicroscope of 
Zocher and Sticbel.^ These workers have described the various characteristic 
phenomena of collApse m films of various t)rpes, including those of long chain 
aliphatic compounds and those of serum albumen and globulm, casein and 
hsemoglobin. These proteins were spread by the method of Gorter and Grendel, 
and while the latter two on N/10 HCl gave completely homogeneous films, for 
the serum proteins it was difficult to decide whether the films were truly 
homogeneous. 

The protein films here examined (gliadin^ egg albumen and glutenin), spread 
directly from the solid, appeared clear under the microscope, apart from the 
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usual dust spocks which it seems impossible to eliminate. This, however, is 
not in itself evidence of homogeneity. A “ point structure ” of colloidal 
particles such as is seen clearly on compression of a film of, say, rayristic acid, 
might well exist m the case of the protem and yet remain mvisible on account 
of the small difierence m refractive index between a highly solvated protein 
particle and the substrate. 

The accompan 3 dng mjcrophotographs illustrate the difference m structure 
of a film of a typical long chain aliphatic compound (palmitic acid) and of a 
protein film (egg albumen), as shown by the collapse under high compression 

The photographs, figs. 6 and 7, Plate 4, arc of a film which has been com- 
pressed until definite strain lines appeared under the microscope and then 
slightly expanded. The very long folds visible in the case of egg albumen are 
typical of the protein films examined, and retain their longitudinal continuity 
on expansion, being only partially reversible The Imes appearing in the case 
of palmitic acid (m both cases the lines are perpendicular to the direction of 
compression) are formed by the aggregation of a “ point structure ’’ and on 
expansion break up, fig. 7, Plate 4, rev(‘ahng their inicrocrystallme character. 


The Behaviour of Ghadin, 

Gliadin was chosen as the first protein for investigation, for not only does it 
spread readily and smoothly, but it yields relatively simple products on hydro- 
lysis, revealing as much as 44 per cent, of glutamic acid and some 13 per cent, 
of proline, a fact of great assistance in the analysis of the results. 

We are indebted to Dr. Fisher, of the Flour Millers’ Rt'soarch Association, for 
a sample of gliadin, the method of extraction performed by Dr. Halton being 
as follows. 

Flour gluten was extracted several times with 70 per cent, alcohol so as to 
remove the larger part of the gliadin. It was then stirred inio 0-2 per cent, 
potassium hydroxide solution and the protein precipitated from the solution 
by neutralisation with caustic potash. The precipitated protein was then 
extracted with 70 per cent, alcoliol and the process repeated on the gluten 
several times. The gliadin obtained in this way was unaffected by contact 
with the alkali, for samples obtamed by simple extraction and by this method 
possessed the same optical rotation. 

The alcoholic solution of gliadin was evaporated under reduced pressure to 
remove the alcohol and the concentrated solution was poured into distilled 
water containing 10 gm. per litre of sodium chloride. The separated gliadin 
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was washed with distilled water and dissolved in 70 per cent, alcohol. The 
alcoholic solution was filtered, concentrated hy evaporation under reduced 
pressure and again poured into 1 per cent, sodium chloride solution. The 
gliadm was redissolved in 70 per cent, alcohol, the solution concentrated and 
poured into absolute alcohol. The separated gliadm was dissolved in 70 per 
cent, alcohol, the solution concentrated and the gliadm precipitated by pourmg 
into a mixture of alcohol and other. The gliadin was finally washed with 
absolute alcohol and then ether. The isoelectric point of gliadin is given by 
Tague as pu ^^d more recently by Kondo and Hayashi,t to be between 
Ph 6-41-6*59 and the molecular weight from analysis and from its combining 
capacity is given by CohnJ to be 20,700 ; presumably it is to be classified 
with Svedberg’fl first group of true proteins (MW 34,5(M)) The moisture 
content was determined by the method recommended by Astbury and by 
Denham, namely, drying in dry air at 110° C, until of constant weight. The 
analytical data are given Ik^Iow : — 

Weight taken . . 0*2606 gm. 

Final loss of weight 0*0265 gm. 

Per cent, moisture 10*6 

The protein was spread on three substrates N/lOO HCl, N/lOO NaOH and a 
phosphate buffer of p,i 5*9, prepared accordmg to the directions of Clark§ 
with an M/15 mixture of KH2PO4 and Na2HP04 

The rate of spreading on the buffer solution was found to be slower than on 
cither of the two former solutions. 

The compressibility curves on these substrate.s are shown in fig. 2, where F, 
the force in dynes per centimetre, is plotted against y, the weight of dry protein 
m grams per cm.*. This procedure avoids any questionable assumptions 
as to either the molecular weight or density of the protem m the surface film. 

Compressibility Curves, 

For comparison, curves are included derived from the experimental data of 
Gortcr and Grendel for gliadm on N/lOO and N/10 HCl, obtained by the 
spreading from an aqueous dispersion of the protein. The probable lack of 
homogeneity in films of tliis character has already been mentioned. The 

♦ * J. Amer, Chem. Soo.,’ vol. 47, p. 418 (1925). 
t * Mem. Coll. Agno. Kyoto Imp, Univ.,* vol, 11, p. 1 (1931). 
t • Phys. Rev.,’ vol. 6, p. 377 (1926). 

S " The Determination of Hydrogen Ions,” p, 203, 3rd Edn. 
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presence of protein in the system in any other form than that of the monolayer 
(either in bulk solution or as unspread colloidal micelle), will cause the observed 
values of the surface pressure to be proportionately smaller for a given estimated 
weight per square centimetre of protein. This is the probable explanation of 
the deviations observed along the curves shown. 

The results here obtained show that a surface pressure (0*2 dyne/cm.) is 
first noticed with y = 9*36 . 10“^ gni./sq. cm., while the slope of the curve 
increases to a maximum at 0 • 7 10*“’ gm./sq. cm. under a pressure of 2 dynes/cm. 
This slope is maintained up to about 13 dyncs/cm. and y ~ 1*6 • 19“’ gra./ 
sq. cm. By rapid compn'ssion the linear increase continued to still higher 
pressures, up to 22 dynes/cm and y = 2*4 . 10“’ gm./sq. cm. ; but over this 
latter range the film is definitely metastablc and the pressures show a slow 
decrease to a more stable value. Tlie film becomes gelatinous from about 
y = 1*6-1 *8 . 10"’ gm./sq, cm. under a pressure of about 15 dynes/cm. The 
final equilibrium pressure is reached at about 22 dynes/cm. The equilibrium 
pressure, obtained by placing excess of protein on the surface, is, however, 
only about 16 dynes/cm , so that tlie surface spreading pressure of the sub- 
stance 18 sufiicient for it just to reach the g(‘latinous form but not enough to 
cause any compression of the gel It is doubtful whether the equilibrium 
spreading presaun* of 16 dyiiea/cni. is strictly comparable to the values obtained 
for the crystal equilibrium pressures of, say, the fatty acids, for in the case of 
the protein the small particles not only undergo surface solution but also imbibe 
water after equilibrium is attained with the film. A comparison must be 
sought with a swelling or imbition pressure rather than with a surface solu- 
bility. This process of imbition can be followed in the dark field ultramicro- 
scope, as the change in the refractive index of the particle during the process 
IS quite marked 

On the dilute caustic soda solution, a similar curve is obtained, but the 
change to a gel occurs at a lower pressure rangtj than on the acid substrate, 
namely from 13-15 dynes whilst the linear relation holds over a longer range of 
pressure, up to about 30 dynes/cm. m the metastable film, falling to a limit 
pressure of about 27 dynes/cm. on waiting 

On the phosphate bufier solution, the rate of spreading of the protein is 
slower. No sensible pressure is reached until y reaches about 0*6, 10“’ 
gm./sq. cm. and the initial portion of smaller slope has nearly vanished. From 
0*7 . 10"’ to 3*0 . 10"’ gm./cm.® a straight lino is obtained with the same slope 
as for the curve on caustic soda, but less than the slope on the acid substrate. 
Gelation takes place at a noticeably lower pressure, 12-14 dynes from 
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Y = 1*4-1 *8. 10“’ gm./cm.*. The pressure in the metastable region of the 
film may rise to 36 d 3 me 8 or more by rapid compression but the final equilibrium 
pressure is about 26 dynes. 

The values obtained for the change in surface potential ( AV) caused by the 
presence of films of the protein on the various substrates are also shown in 
the curves, fig. 2. As abscissas the values of y in gm./cm.* are given as in the 
compressibility curves, together with the approximate mean thickness of the 
film based upon a density of 1 * 33 for the protein. 



Fig. 2. — ^Potential y curves. 



On the arid substrate, fluctuatmg values for the surface potential are 
obtainedjindicative of anon-uniform film untilYroachesO*36 . lO^’gm./sq. cm. 
with a surface potential change of AV = 130 mv. Further compression gives a 
Imear increase of potential up to about 250 rav, and 0-7 . 10“’ gra./sq. cm., 
the film still being perfectly flmd. 

The slope of the curve then gradually decreases and gelation sets m, the 
potential tending slowly to a maximum value of some 460 mv. with y rising 
to over 6 . 10"’ gm./sq. cm 

The linear portion of the curve is reversible on expansion, but above this 
region expansion produces a fall of potential below the compression curve. 
On waiting the potential rises more or less to its original value according to the 
extent of the compression of the film into the gelatinous region and the time 
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that it has been left in that region — the higher the pressure and the larger the 
interval before expansion the less the recovery of the potential. 

On the alkaline substrate the valnes of the surface potentials and also the 
slope of the curve are considerably smaller than on the acid. Pluctuatmg 
potentials are obtained up to 76 mv., again ceasing at about 0*36. 10”’ 
gm./cm.*. On compression a steady reversible linear graph is obtained up 
to 160 mv. and y = 0*7 . 10“’ gm./cm*. The curve then bends away as 
before to a limit value of some 240 mv. at 4 • 0-5 *0 . 10"’ gm./sq. cm. Gelation 
sets in from y = 1 •6-2-0 . 10“’ gm /sq. cm. 

On the phosphate buffer, as usual at low values for y, fluutuatmg potentials 
are obtained but they extend to a larger weight per square centimetre — 
0*6 . 10"’ gm./sq. cm at 190 mv. — ^than in either of the previous cases, the 
uniform film obtamed on the other substrates from y " 0*36 . 10“’ being 
absent up to y = 0-60 . 10"’ gni./sq. cm. 

On compression, the value of AV rapidly attains a maximum. The film 
gelatinises, at a lower surface pressure than on the other substrates, over the 
range y 1 •5-1*7 . 10“’ at about 320 mv and reaches a final limit value of 
360 mv. With the buffer not only is the rate of surface solution alow, but there 
is defimte indication that there is loss tendency to expansion of the film. The 
mutual cohesion of the polypeptide chains has in this case, near the isoelectric 
pomt, a greater influence on the character of the film than the adhesion to the 
surface, which has been reduced to a minimum. 


Discussion of the Results 

Both on N/lOO HCl and on N/lOO NaOH definitely homogeneous films of 
gliadin can be obtained with a surface concentration as low as 0*36 . 10“’ 
gm./sq, cm. of surface or about 3 A. in thickness. In this state it gives rise 
to an increase of the air/liquid surface potential of some 130 mv. on N/lOO HCl 
and 70 mv. on N/lOO NaOH, the value altenng with the nature of the sub- 
strate. At approximately the same surface concentration as that at which 
we obtain a uniform protein film over the whole surface, we obtain, as would 
be expected by the closmg up of the film, the first noticeable film pressure — 
a prosBurc of more than 0-2 dyne/cm., the limit of sensitivity of the apparatus. 

If a truly molecularly dispersed “ vapour ” film exists at all, its vapour 
pressure must be extremely small. 

In the range 0*36-0*7 . 10"’ gm./sq. cm. on the acid and on the alkaline 
substrate we observe a sharp linear increase m potential, but the concomitant 
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pressures are small. The film is readily compressible up to 2*0 dynes/om. 
on the acid and to 1 *6 d3mes/cm. on the alkali, as shown by the initial portion 
of lesser slope. The electric moment per gram as measured by dAV/dy 
is approximately constant. Beyond this range we are deahng with a somewhat 
different type of film in which a change is occurring in the polar groups, for 
dAV/dy begins to decrease steadily, indicating a fall in the vertical component 
of the electric moment. At the same time the pressure increases sharply 
in a linear manner up to the point where the interesting phenomenon of 
gelation sots in, about y = 1 * 5 . 10““^ cm. (approximate film thickness 

11-12 A.U.). Above this region the rise of pressure becomes dependent on 
the rate of compression of the film. Rapid compression gives a continuation 
of the linear pressure increase, but the pressure will fall away slightly to a 
stable value which is obtamablc on slower compression of the film. 

If we assume for gliadin the general type of chain suggested by Fischer, we 
may suppose the probable fundamental structure of the protein to be constituted 
of a reduplicated basic unit : — 

H 

/ 

II R 

0 

where the side chain R differs along the primary chain and gives rise on hydro- 
lysis of the protein to different amino-acids. We have seen that gliadin yields 
on hydrolysis about 44 per cent, glutamic acid, 13 per cent, proline and about 
10 per cent amino acids where R is definitely non-polar. Whether the pyrro- 
lidine nucleus exists as such m the protein, or is formed by subsequi^nt con- 
densation on hydrolysis is uncertain. We may provisionally regard the side 
chams of gliadin as consisting largely of the glutamyl residue — CHj — CHj 
— COOH with its free carboxyl group, alternating now and then with the 
uon-polar group — CH| — CHj -“CH3. There are smaller quantities of side 
chams such as lysyl and argmyl, containmg the — NHa group. A review of 
the hydrolysis products shows moreover that the mean length of side chain 
is three carbon atoms, with free acid groups preponderating over the combined 
non-polar and basic groups. 

It is reasonable to suppose that in a film the position of mmimum potential 
energy will be foimd when the whole structure is lying flat on the surface, the 
main anchorage being provided by the strongly polar free —COOH and — NH, 
groups, and to a lesser extent by the —CO — NH— peptide unions. The 
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relatively nOQ-polar side chains will also he flat on the surface if given oppor- 
tunity. 

We thus obtain as our first picture fig. 3, that of the fully expanded ’’ 
protein. 

It IS at this point that a surface pressure will first bo obtained due to the 
contact of the side chains of iieighbounng primary chains. From the mass of 
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Fio. 3. — GLiadm. State I, Expanded 


the basic unit —CO — NH — CHB— and its known dimensions, we can calcu- 
late to what value of y such a structure corresponds. 

Thus, if we consider the maximum and minimum’mass correspondmg to a 
side chain of three carbon atoms, we have 

(i) R ^ -CHa -CHa -COOH, CO . NH . CHR - 129 
(li) R - -CHa -CHa -CH 3 , CO . NH . CHR = 99 / 

Referring to fig. 3, the area per imit CO . NH . CHR is 16 X 3*5 aq. A. These 



74 


A. H. Hughes and E. K. Rideal. 

values are obtained from the X-ray data of Meyer and Mark (hoc, eU,)^ 
who give 3*6 A. for the spacing 

CO. yCHRv 
NH^ ^CO 

3-6 

along a polypeptide cham, together with the value 2*54 A. for a hydrocarbon 
zig-zag. The minimum closene.s8 of approach of the side chains in this state 
IS taken as 4*5 A. provisionally, being based upon an extrapolation from the 
X-ray data on the crystalluie fatty acids 
Calculating y in gm./sq. cm. for this packing, we have 


Y — 0'38 . 10“^ gm./sq. cm. 

^ 6-06 10«» X 16 X 3-5 X lO'ifl b /4 • 


6-06.10“ X 16 X 3-5 X 10“*” 


— 0-29 . 10”^ cm 


R = 129, 
R=:99. 


These extreme values dependent on the nature of the side chain are m agree- 
ment with the observed point at which we first obtain a homogeneous film on 
acid and on alkali, namely, 0-36 . lO'*^ gm./cm.*. 

The surface potential can be expressed in the form 

AV:=47CW(A+ AV„, 

where n is the number of dipoles per square centimetre of vortical component 
[Ly and AV„ is the change of potential in the surface of the substrate due to 
the presence of the film. 

The chief sources of potential in the film itself are the dipoles of the free 
— -COOH and — NHa groups, and presumably of the peptide linkages —CO 
— NH— , but it is clearly impossible as yet to assign definite respective values 
to these groups. The sign of AV for the proteins is, however, the same as for 
a film of a fatty acid or an amino. The values of dAV/dy which are pro- 
portional to the electnc moment per gram of gliadm in the film can be expressed 
in terms of the moment per —CO . NH . CHR protein unit. The values of 
this moment, together with the values of AV„ are given in the following table, 
and refer to the liquid “ expanded ” film, where the moment remains constant. 
The mean value is taken of the two cases where R is — CHjCHjCOOH or 
OHjOHjCHs. 

The order of magnitude of the derived moment per unit is that of the —COOH 
group in the liquid condensed films of myristic or palmitic acids (1*6 . 10*^ 
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Substrate 

dJV 

Dipole moment 

4 V, 
in nuUii 

dy 

per CO.NH.CHB 
e.s.u. X 10 **. 

N/lOO HCl 

320 

1'6 

15 

N/lOO NaOH 

230 

12 j 

-20 

Phosphato bnSer pH ^ ^ 

2 S 0 

1 4 

- 5 


e.s.u.). It is of interest that an acidic group is giving a marked contribution 
to the rosultmg moment of the protein in view of the reduction of the moment 
on the alkaline substrate. 

On compression of the “ expanded ” protein film, fig. 3, we nught anticipate 
that the primary chains would dose m laterally as far as possible, giving a 


A 


.sa 


'cd 


,NK ^CQ / 


<^H3 

CH 






NH 


CO 


CH2 

H 


Hv 

V 

\ 

CH2 

/ 

CH 2 
\ 


'CH^ 
/ 

CHa 

CH2 

oA. 

H 


CO, 


NH ^CH ^0 ^1 

XJO NH CH 


/H 

O 

C 

\ 

CH 

/ 

CH2 

NH 


8.25^ 




/ 

CHz 

\ 

CHa 

/ 

CH3 

Fio. 4. — Ghadin, State IT, Condensed Film. 


close packed film in state II, fig. 4, with the side chains still lymg flat on the 
surface. 

The value of y correspondmg to this packing may be calculated as before 
and gives Y = fi'74.10“^ and 0*56 . 10*^ gm./cm * for the probable side 
chains considered in the previous case. These values agree very well with the 
observed point about 0*7 . 10"’ gm./cm.® where the slope on the F/y curves 
reaches a maximum, and the linear portion on the AY, y curves of constant 
moment (fi = constant) ceases. 
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Compression beyond this point must mean some drastic alteration in the 
film structure, since it is now a close packed monolayer. We find indeed that 
compression gives us a noteworthy change in the AV jy graph, while it is in the 
same region that we observe gelation of the film, hitherto perfectly mobile. 
On the hypothesis outlined above, the most likely occurrence will be the tilting 
of the side chains out of the surface. Whether they tilt above into the air or 
below into the liquid will be decided by the stereochemical considerations as 
well as by the nature of the side chain, those termiuatmg in polar heads tilting 
downwards and non-polar chains upwards. We have indeed found that the 
air exposed surfaces of gels formed m this manner possess hydrophobic 
characteristics, an account of which will be given later. In no case is an 
impossible expenditure of work called for in view of the very rapid rise in the 
surface pressure at this juncture. 

Thus we finally reach the third type of film. 
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Fio 5.— aiioflin, State III, Gel Film. 


This is still a monolayer with respect to the primary peptide chains, but with 
a much larger mean thickness than the first two states, namely, about 12 A. 

We might anticipate that such a film would exhibit rigidity due not only to 
the mutual attraction of the primary peptide chains which are in close proximity, 
but also from the adhesion of the now vertically close-packed carbon side chains. 

If we suppose that the interval between adjacent polypeptide chains m the 
surface is of the order of 4-5 A in this third typo of film, a reasonable sup- 
position on the basis of the X-ray data, then the corresponding value of y 
calculated as before lies between 1-35 and 1-03 X 10“’ gm /cm.® accordmg 
to the nature of the side chain. The formation of the gelatinous film as observed 
by the motion of talc on the surface sets in at about 1 -6 X 10“’ gm./cm.*. 

How far it is possible for the primary peptide chams to approach closer than 
about 4*6 A., still retaining the monolayer, it is difficult to say. Further 
compression of the solid film may cause rupture, in the form of long folds as 
observed m the dark field ultramicroscope. It is, however, conceivable that 
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we may be causmg further mteraction between adjacent peptide groups with 
the formation even of chemical linkage by secondary valencies. 

Thus we observe that once this compact film has been formed and mam- 
tained under compression for a time, the film becomes definiU'ly irreversible 
on expansion with respect both to surface potential and to pressure. This 
phenomenon may be akin to the phenomenon of denaturation, but there is no 
reason to suppose, as do some writers, that all protein films are ipso facto 
“ denatured,” although we see here that some definite process of association 
occurs on maintaining the film under compression. 

Summary, 

(1) A general review is given of methods hitherto employed in the production 
and examination of thin films of proteins at liquid surfaces 

(2) It is shown that films obtained by these methods arc probably inhomo- 
geneous 

(3) A new method is described in which tlie film is spread directly from the 
solid protein on to the surfaa*. The weight of protein in the film thus produced 
18 measured on a simple micro-lialance (with an error of 1*6 per cent, on 
10** gm.). 

(4) These films have licen examined quantitatively by the methods of surface 
pressures and of surface potentials, and qualitatively by means of the dark 
field ultranucroscopo. 

(5) It IS shown that for gliadin, the first protein studied m detail, homogeneous 
films can be obtained with a thickness as low as 3 A. Compression of the film 
is accompanied by a change from a liquid film to a gelatinous film, and this 
transition is reflected m the electrical as well as the mechanical properties of 
the film. The films have been examined on N/lOO HCl, N/lOO NaOH and on 
a phosphate buffer, pa 5-9. 

(6) In the light of recent X-ray data on proteins and allied compounds it 
is possible to assign a general structure to the protein film in its various stages 
of compression, on the supposition that the basic polypeptide chains of the 
protein arc stretched out flat on the surface of this liquid in the most expanded 
state of the film. On compression, the side-chains to the main polypeptide 
cham are forced out of the surface, this change being associated with the 
gelation of the film The observed values of the weight of protein per square 
centimetre of surface agree well with those calculated from the known dimeu' 
sions of a — CO— NH— CHR— polypeptide unit. 
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An Alternative to the Rejection of Observations. 

By Harold Jeffreys, M.A., D.Sc., F.R.S., Reader in Geophysics, University 

of Cambridge. 

(Received March 30, 1932.) 

1. It is widely felt that any method of rejecting observations with large 
deviations from the mean is open to some suspicion. Suppose that by some 
criterion, such as Peirce's and Chauvenet’s,* we decide to reject observations 
with deviations greater than 4 cr, whore o is the standard error, computed from 
the standard d(*viation by the usual rule , then wo reject an observation 
deviating by 4*6 <t, and thereby alter the mean by about 4*6 o/w, where n is 
the number of observations, and at the same time we reduce the computed 
standard eiTor. This may lead to the rejection of another observation deviating 
from the original mean by less than 4 <t, and if the process is repeated the mean 
may bo shifted so much as to lead to doubt as to whether it is really sufficiently 
representative of the observations 

In many cases, where we suspect that some abnormal cause has affected a 
fraction of the observations, there is a legitimate doubt as to whether it has 
affected a particular observation. Suppose that we have 50 observations. 
Then there is an even chance, according to the normal law, of a deviation 
exceeding 2*33 o. But a deviation of 3 a or more is not impossible, and if we 
make a mistake in rejccthig it the mean of the remainder is not the most 
probable value. On the other hand, an observation deviating by only 2 a 
may be affected by an abnormal cause of error, and then we should err in 
retaining it, even though no existing rule will instruct us to reject such an 
observation. It seems clear that the probabihty that a given observation has 
been affected by an abnormal cause of error is a continuous function of the 
deviation ; it is never certam or impossible that it has been so affected, and 
a process that completely rejects certam observations, while retammg with full 
weight others with comparable deviations, possibly in the opposite direction, 
is unsatisfactory in principle. 

2. The question has arisen in the treatment of scismological observations, f 
though it 18 obviously of much wider application. The time of arrival of a 
^iven wave may normally have a standard error of order 7 seconds, arising 

* Chauvenetp ** Sphenoal and Fraotioal Astronomy,” voL 2, pp. 538-560 (1863), 

t Jeffry, * Mon. Not. R. Astr. Soc.,* Geophys. Suppl. 2, p. 329 (1931). 



79 


AUemative to R^edion of Ohseroations. 

from the combination of several known causee, but about a fifth of the observa- 
tions are affected by an uncertainty of the order of 20 seconds, arising in most 
cases from the difficulty of identifying the exact beginning of a phase when 
microseisms are present. 

The distribution of the probability of error is therefore taken to be 

/(*,) = (1 - ot) 4- e""' H m A- (1) 

This expresses the conditions (1) that if x is the true value the probability, 
given Xy that an observation will lie between and + dx^ is / (Xr) dx^ ; (2) 
the probability that an observation will bo affected by the abnormal error is 
m y (3) the normal observations follow a normal law with modulus of precision 
h ; (4) the abnormal ones follow another normal law with modulus fc, but are 
subject also to an unknown systematic error y. Our problem is to find the 
most probable value of x, and incidentally y, from a given set of observed 
values x^y Xj, . , 

2.1. Suppose first that A, k and m are already known from previous work on 
data of the same type. Then the probability, for givtm x and y, of obtaining 
the observed values is proportional to 

H /(xj, (2) 

and, by the principle of inverse probability, the probabihty that x, y lie in 
ranges of lengths dx, dy is proportional to 

V(x,y)nf(x^)dxAy, (3) 

where P (x, y) dx dy is the prior probability that x and y are m these ranges. 
In most practical cases this prior probability is uniformly distributed, and 
therefore P (x, y) can bo treated as constant. The most probable values of 
X and y are therefore given by the two equations 

2 ™ 0 ; S = 0. (4) 

Canymg out the difieientiations and simplifying, wo obtain 

S V, (®, — ») — 0 ; 'Lw^(x, — x — y) = 0, (6) 

where 

v~^ = 1 + {mkl(l — m) A} exp {A* (a:, — a:)* — A* ® — y)»}, (6) 
u>,-i = 1 + {(1 — r») A/mfc} exp {A* (a:, — ® — y)* — A* (x, — x)*}, (7) 

«, + «'. = 1- (8) 
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Evidently (5) reduce x and x + Jf to weighted means of the observed values, 
the weights being continuous functions, as we expected. If either m or ib is 
zero, the most probable value of x is the arithmetic mean, while y is indeter- 
minate. This was to expected, since m zero means that the abnormal source 
of error is known to be absent • while k zero, with m finite, means that the 
abnormal €»iTors are expected to be indefinitely widely distributed, so that the 
number of them within any finite range is negligible. Again, for x, — x 
small, the second term in is a small fraction, and the weight v, is nearly 1; 
but when x,. — x is large this term is exponentially large, and the weight is 
insignificant. Hence the largo deviations have small weight in the deter- 
mination of X. On the other hand, it is the small deviations that have small 
weight 111 the determination of x + y. 

The actual solution of (6) will be carried out by successive approximation. 
The maximum frequency of the observed values, or a rough mean of the 
central values, may be taken as a trial value of x, and y in the first instance 
neglected in the exponents Thus we get preliminary weights and and 

can denvc winghted means for x and x y. Substituting these in the exponents, 

we obtain a revised set of weights and new means ; we then repeat the process 
imtil the numerical values repeat themselves. 

2.11. Given (3), the. probability that x lies in a given short range is pro- 
portional to 

nf{xr)dy. (9) 

This could be evaluated in finite terms, the integrand being a linear com- 
bination of exponentials, but the number of terms would be large. But we 
can obtain a compact approximation, when n is large, by puttmg 

log/(x,)=ff(x,). (10) 

We denoti* the values of x and y obtamed as the most probable by Xq and y^. 
Then provided x — ■ Xq and y — y© nre not too great, we can write 

log n/(x,) = M + s |(x - X,) + (y - yo) 

- {A (x — Xo)* -f 2B (x - Xo) (y - y,) + C (y - y„)*}. (11) 

The first term doijs not involve x and y and is therefore irrelevant, since we 
need consider only ratios of probabilities of different values. The second 
vanishes by (4) smcc the partial derivatives are evaluated at Xq, y ^ ; while 
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A, B, C are half the second derivatives of 2«jr (Xf) with their signs changed. 
Then F (x) is proportional to 

f [— {A [x — Xo)» + 2B (05 — x^) (y — ^o) + C (y — yo)*}] 

J — flO 

^ exp | - (a - ^)(x - Xo)*} . (12) 

and the probability of the true values of x is distributed about Xq with a modulus 
of precision (A — B®/C)‘. 

Now we see that 

- is *2 ):vr (Xr -x) f it* Sw, (X, - I - fj) (13) 

_ p kpL) -_ /* Sav ( / , - X - y), (14) 

and the second term in (13) makes a contribution to A equal to B. Again, 
the observations that make important contributions to (14) have wv nearly 1, 
and hence nearly 

i:«v ; A - Stv + (15) 

A- (10) 

Thus the modulus of precision for x is nearly h(Lv^)^, which is less in the ratio 
(Sv^/n)* than for the mean of n observations derived from a pure normal law. 
This estimate is, of course, an approximation, but it serves to show that in 
ordinary cases the values obtained are not much less precise than the arith- 
metic mean is when the normal law holds. 

2.12. As a specimen of the method, let us consider the residuals of the times 
of arrival of the P wave at distances near 67-5'’. They are given to the nearest 
number of seconds of the form 55 + 2, where s is an integer, positive or negative. 
Wo take A = 0*10, corresponduig to a standard deviation of 7*1 seconds; 
4 = 0-02, w/(l— w)=0-l. Our first tnal values arc x=+2 seconds, 
y =-0 The resulting values of and are computed and given in the third 
and fourth columns. The resulting weighted means are x=-t-2*94, 
X + y + 6-7. A new set of weights was then computed with x = -[- 3, 
x-\- y - they are given in the fifth and sixth coluimis. The resulting 
means are x = + 3*03, x + i/ = -{- 4*8. It is evident that further approxi- 
mation will not change x appreciably. The value obtamed in an earlier 
paper was x= -f-3*2, on the hypothesis that abnormal observations were 
equally probable in all groups, so that 4 = 0, w» ™ oo , but mk was finite. 
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Number of 

Pint solution . 

Second solution. 

XVCHluU&l* 

obsenratioDfi. 

Vf 1 

1 

Uf. 

lUr. 

-.38 

2 

0 00 

1 00 

0 00 

100 

-33 

0 

0 00 

1 00 

0 00 

1*00 

—28 

1 

0 01 

0 99 

0 01 

0-99 

- 23 

1 

on 

0 80 

0 07 

0>93 

-18 

1 

0 62 

0 48 

0 43 

0 67 

-13 

2 

U 80 

0 15 

0-82 

0'18 

- 8 

10 

0 96 

0 05 

0 04 

0 06 

- 3 

32 

0 97 

0 03 

0 97 

0 03 

‘1- 2 

08 

0 08 

0 02 

0 98 

0 02 

f- 7 

37 

0 97 

0 03 

0 98 

0 02 

+ 12 

14 

0 96 

0 05 

0 06 

0 06 

+ 17 

6 

0-86 

0 16 

0 88 

0 12 

f 22 

5 

0 62 

0 48 

0 68 

0 42 

+ 27 

1 

0 n 

0 89 

0 14 

0 80 

-^32 

3 

0 01 

0 99 

0 01 

0 99 

+ 37 

1 

1 

0 00 

1 00 

0 00 

1 00 


3. The foregoing method is correct when A, Jc and m are known already, 
as from an analysis of a larger number of observations of the same type. If 
these quantities also are to be found from the observations under discussion, 
(3) must bo replaced by the statement that the probability, given the observed 
values, that x, y, A, k, m lie m given ranges of extent dx, dy, dh^ dk, dm m 
proportional to 

P {x, y, A, A, m) dx dy dh dk dm llf{x^)y (17) 

where P expresses the prior probability that x, y, A, A, w he in these ranges. 
As a rule the prior probability is uniformly distributed with regard to x and y ; 
but A and A are restricted to be positive, and m to lie between 0 and 1. There 
is reason for saying that in these circumstances* P is proportional to 1/A 
and 1 /A. The variation of P with m rests on the same kind of conditions as 
for the prior probabilities of different compositions of a complete class in the 
theory of sampling ; if we follow Laplace we should take it independent of w, 
but in any case its form makes little difference to the final result if the number 
of observations is large, and we are satisfied that m is not exactly 0 or l.f 
Hence we take P proportional to 1/AA. As before, we replace log/(Xr) by g{Xf) 
and say that the moat probable values of the five unknowns are obtamed by 
making ^g{Xf) — log (AA) stationary. Then we have again 

^vr{x^-x)^0 (18) 

(x^— X - y) = 0, (19) 

* Jeffreys, “ Soientifio Inference,” p. 67 (1931). 

t Jeffreys, loc. oit., pp. 33, 191 ; J. B. S. Haldane, ' Froo. Camb. Phil. Soo voL 28, 
p. 66 (1932). 
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and also 

{1 L>^2 ^)2} — 1 0 

YtWf {1 — — r — — 1—0, 

while the equation for m is 

S A exp ( — (xr — x)^} — k exp { — — x — y)*} 

(1 — wi) A exp { — A^ {x^ — ji)*} + mk exp { — A® (xr Jc — y)®}, 

which can be written in the forms 

m Swv 

= w 

nt 1 m 

To apply this method we first clioose a value of A that will represent the central 
groups approximately. With r — |- 2, A — 0*15, it is found that we obtain 
a fair representation of the groups from — 13 to + 17. In the 9 groups 
outside this range there are 15 observations. There arcs 16 groups in all, 
which may therefore bo estimated to (‘ontain at least 27 abnormal observations. 
The total number of observations is 184, and we therefore estimate m -= 0’15. 
We now consider the observations outside the range — 13 to +- 17, determine 
the sum of their squares and divide by 27 to obtain a rough standard deviation 
for the abnormal observations ; this proves to be 21 seconds, impl 3 ring 
k = 0*034. This is probably an imderestimate Then mk/{i — in)h=^ 0*04. 
Wo denote this funcstion by [x. 

The left sides of the equations (18) to (21) and (23) were computed first with 
the set of values A — 0*15, A = 0-031, [x =« 0 04, x == + 2, y = 0. Then 
in turn A was taken equal to 0 • 14, A to 0 • 040, and [x = 0 • 05, The weights are 
not very sensitive to small ehang(‘S in x and y. The resultmg changes in (20), 
(21) and (23) were found, and led to three simultaneous equations for the 
increments m A, A, [x needed to satisfy these three equations. The results 
were 

A -=0-133; [X--0-10; A =-0-041, w = 0-24 

The change m [x is uuexpccti-dly large ; A, m and A have all varied so as to 
increase it. It appears also that x is about + 2-6, x + y = + 6-6. 

These results were next made the basis of a further approximation, but it 
was soon found that A had been lowered too much, and accordingly the standard 
values for the next approximation were 

A==0*145; A = ()-040; fx = 0-10, x=: + 2-0; x + y= + 7-0. 

The functions on the left of (20) and (21), and m — were computed 
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with these values, and again with, respectively, A = 0*133, 4 = 0*060, and 
p = 0*009. These led to the further set of equations 

5*1 -10*0A' — 3*0 4' + 2*OpL' = 0 
1*99 t-l*99A'-25*14JS:' + l*64Ex'=0 
0*0090 - 0*0020 A' — 0*0354 4' + 0*0090 - 0, 

where A' = SA/0-012 , 4' = 84/0*01 ; [x' = S(x/0*01, and hence to the further 
approximation 

A-:0*162, 4 = 0*0417; p. = 0-i07; w ^0*281. 

Finally the results were recomputed with these values ; then it was found 
that 

Stv {1 - - 1 = 133*5 ~ 131*4 - I + 1 *1 

Slwjl - 242(x^ - X - y)^}-^ 1 50*5 - 49*2 - I -- |- 0 3 

m - IdUr/n ^ - 0*281 0 275 = 0*00(). 

The solution la therefore sufficiently close. Further, the values found for 
{^r — x — y) always indicated that a* was withm a fraction 

of + 2, and » + y close to + 7. But and are very msensitive to small 
changes in x and y, since they involve only their squares. Hence we can 
estimate x and x + y by ignoring the changes in the weights when wo give 
them their most probable values instead of the approximate ones we have used. 
Then we have 

j; = 2 h -= + 2’23 

* + y = 7 + + 5-73. 

The final weights are of some intrinsic interest. If denotes the number 
of observations m each group, wo have 


Observed value -38 -33 -2K -23 -18 -13 -« -3 

2 0 1 1 1 2 10 32 

n,v,. 0 0 0 0 0 0-29 6-37 27-97 

2 0 1 1 1 1-71 3-63 4-03 

Observed value +2 +7 +12 +17 +22 +27 +32 +37 

n, 68 37 14 6 6 1 3 1 

n,v, .... 62-02 31-63 7-84 0-67 0 0 0 0 

5-98 6-37 6-16 5-43 6 1 3 1 
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The values of nrW^ represent roupfhly the number of abnormal observations in 
each group, and follow roughly a normal law with a larger scatter than that 
of the normal ones. We noti(*(» that Vr is negligible m the groups at + 17 and 
+ 22 ; all the observations in this group are practically treated as abnormal, 
as a natural result of the work. It appears that previously insufficient allow- 
ance was made for abnormal observations, and too many were retained in 
these two groups, so that x was overestimated by nearly a second. Professor 
H. H. Turner, in a previous paper on a similar set of data, determined x by 
fitting a normal distribut ion to the four central groups ; the results were not 
very different. 

4. While this method is correct m principle, the labour is excessive ; each 
approximation took about 6 hours’ work, usmg a Marchant calculating machine 
and the tables of Miliie-Thomson and Comrie. It should, however, be possible 
to devise a shorter method that would give almost as accurate results. We 
may note that the final value of h corrc'sponds to a standard error of 4*65 
seconds, and a standard error of the mean of 0-34 second Accordmgly, the 
difference of x from +2*00 seconds is barely significant. Thus approximate 
values of A, k and m should be enough to determine x ; and k and m practically 
influence x only through the quantity p. If then wo (;an estimate A and [x 
from an inspection of the data wo can compute as if k was zero, and thereby 
obtain a; as a weighted mean, which should be close enough for all ordinary 
purposes. 

The observations discussed so far were such as to raise the problem of the 
treatment of abnormal observations m an unasually acute form ; for while 
it was clear that the smaller errors followed the normal Liw, there were so 
many abnormal ones that the computation of a standard deviation and even 
a mean would have been practically meaningless if some method of rejection 
had not been adopted. The method actually chosen was to reduce all the 
values of by the same amount, this being so chosen as to leave the central 
groups isolated by zeros. If the reduction is this is equivalent to treating 
each observation as having weight 1 — sjn^ when > 8, and weight zero if 
< 8. Actually the contribution to from the observations satisfying the 
normal law is statistically Wq exp { — AV ~ Xq)*} ; and if there are s abnonnal 
ones in each central group 

exp { - A* (x — Xg)*} -f 
1 - — =[1 t — exp {--**(* — 

«r L «0 
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which is precisely our form of Vr for the case 4 = 0, with p replaced by s/hq. 
There is therefore no difference between this method and the one just suggested ; 
any difference in the results arose from an imderestimate of [l, 

6. When the number of abnormal observations is smaller, such methods may 
still be helpful. If only one observation deviates by more than, say, three 
times the standard deviation, we obviously cannot determine k ; for even if 
we were sure that the observation is abnormal, a single observation fixes only 
a most probable value oix-\-y and gives no information about the precision, 
4. Without such information we cannot infer how many observations within 
the region of considerable frequency may actually be affected by abnormal 
errors, and no progress is possible. In such circumstances, if we have no 
previous knowledge of the probability of abnormal observations, there may be 
no better course than rejection or retention according to the probability of 
a deviation of the observed magnitude, given the total number of observations 
and an approximate determmation of A from the majority of the observations. 
This 18 essentially Chauvenet’s criterion. If, however, there are three dubious 
observations we have the means for a rough determination of 4, m, and a? + 
and the method of the present paper can be applied. If only two observations 
are in doubt, we cannot infer all of x + y, 4, and w, but we may be able to 
estimate p and then proceed as for 4 = 0, but mk finite. In any case where 
the rejection of a single observation by some recognised criterion leads on 
re-application to the rejection of a further observation, we should suspect the 
presence of a number of abnormal observations with small deviations, and allow 
for them by a system of weighting. It should be noticed that with a small 
number of observations, whether normal or abnormal, the distribution of the 
prior probability of the precision constant has some influence. The assumption 
in this paper that P {A, 4) was proportional to 1/A4 was responsible for the unit 
terms in (20) and (21) ; that id (20) turned out to be practically unimportant, 
but that in (21) had an appreciable effect. 

The present method has some affinity with Peirce's criterion, a full account 
of which 18 given by Chauvenet. This criterion considers the possibility of a 
certam number of observations being abnormal ; P, the probabihty of obtaining 
the whole set of observations from the normal law, is compared with P^, that 
of obtainmg a given number of abnormal ones and at the same time the re- 
mainder from the normal law. If P < P^, the observations with the largest 
deviations are rejected. The probability of an abnormal observation occurring 
is m(y in Chauvenet’s notation) which is adjusted to make P^ as large as possible. 
This may be the best procedure where only one observation is doubtful and we 
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have no better way of estimating m ; but a method of continuous weighting is 
needed in other cases. 

Summary. 

A method is given for dealing with sets of observations, appreciable fractions 
of which are affected by abnormal errors. The probability of an error is taken 
to be given jointly by two normal laws, one for the normal and the other for 
the abnormal errors, and a method of solution for the five unknowns is provided. 
An approximate solution may also be obtained by a method of weighting, the 
weight of an observation being a continuous function of its deviation. 


The Oxidation of Carbon Monoxide. 

By G. Hadman, H. W. Thompson and C. N Hinshelwood, P.R.S. 

(Received April 1, 1932.) 

Inirodnction. 

Although the reaction between carbon monoxide and oxygen has long been 
the subject of expenmental study, the mechanism of the process is far from 
being completely understood. Most of the earlier mvestigations of Dixon and 
others were concerned with the mitiation and propagation of flame or detona- 
tion waves in mixtures of the two gases, and showed especially the important 
part which water plays in the reaction.* More recently experiments have 
been made in different laboratoriesf on the kmetics of the slow reaction occur- 
ring below the ignition temperature. From the results of these it should be 
easier to draw conclusions about the mechanism of the change than it is from 
experiments on the explosive combmation, but on accoimt of the differences 
m the conditions under which the various mvestigations have been made, and, 
to some extent, of the divergences in the results themselves, it is still difficult 
to correlate all the available mformation and form a coherent theory of the 
oxidation. The lack of uniformity in some of the previous work may be 
attributed partly to variation in water content of the gases used, for, as the 

• Bone, ‘ J. Chem. Soo p. 345 (1931). 

t Topley, * Nature,* vol. 126, p. 660 (1930) ; Cosslett and Gamer, ‘ Trans. Faraday 
Soo.,’ vol. 27, p, 176 (1931). 
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experiments of Bone and Weston* have shown, the catalytic oxidation in 
presence of water and the direct combination arc probably distinct and 
independent processes. 

It seemed of mterest therefore to examine the problem further, mvestigating 
under more stnctly comparable conditions the influence on the rate of the 
slow reaction of various factors such as vessel size, and concentrations, in 
particular that of water. With this knowledge about the kinetics of the 
“ wet reaction it was proposed to proceed to the study of the reaction which 
can bo made to take place at higher temperatures between the carefully dried 
gases. If the ** dry reaction la determined, as some have thought, by the 
residual traces of moisture, the kinetics must remain essentially the same as m 
the “ wot reaction. They appear in fact to be entirely different. This 
shows once more that the direct oxidation of dry carbon monoxide is possible. 

The primary process in the interaction of the wet gases appears to be a 
reaction between carbon monoxide and water on the wall of the vessel ; the 
hydrogen produced sets up reaction chams which pass through the bulk of the 
gas and are finally broken by oxygen adsorbed on the surface. An estimate 
of the cham length can be made and gives a result of the order of a million 

The work of Semenov, f Topley (foe. cil,) and Gamer (foe. dt,) has shown that 
in a region of relatively low pressure the reaction abruptly bt^comes explosive. 
What occurs is not the normal thermal explosion, which must supervene when 
the velocity of an exothermic reaction becomes too great for the conditions to 
remain isothermal, but is something analogous to the low pressure explosion 
of hydrogen and oxygen, carbon bisulphide and oxygen and other gas mixtures. 
Whether the underlying mechanism is really the same is not yet known. This 
phenomenon, which was found by Semenov with carbon monoxide and oxygen 
saturated with water vapour, we have found still to occur with the carefully 
dried gases, though the part which residual traces of water may be playing in 
it is not yet clear. 

Experimental Method, 

Since the reaction is accompamed by a change in pressure it was convenient 
to follow it statically. The experimental method was that described in detail 
in previous papers. The reaction vessel, usually of quartz, was heated in an 
electric furnace kept at a temperature constant to within a degree. It was 
connected by means of capillary tubes to gas holders and to a high vacuum 


• ‘ Ptoo. Roy. Boo.,' A, vol. 109, pp. 176, 623 (1926). 

t Kopp, Kovalsky, Sagulin and Semenov, ‘ Z phys. Chem.,* B, vol. 6, p. 807 (1980). 
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pump. Changes in pressure were recorded by means of a mercury manometer. 
The temperature was measured by a thermocouple. Condensation of water 
was prevented by wmding the capillaries with electrically heated resistance 
wire. 

Carbon monoxide was prepared by the dehydration of formic acid with 
concentrated sulphuric acid, carbon dioxide being removed by strong caustic 
potash solution. The gas was generated in an evacuated apparatus and was 
thus free from air. It was dried by passage over phosphorus pentoxide. 
Cylinder oxygen was used after it had been found to behave in all respects 
like the pure gas obtained by heating potassium permanganate. Water 
vapour was mtroduced into the reaction vessel from a small bulb of liquid 
water. The iodine vapour used in the later experiments was produced m the 
reaction vessel by decomposing isopropyl iodide. 

Of the reaction vessels used four wore cylindrical quartz bulbs of difterent 
diameter, two were similar bulbs filled with small quartz spheres and another 
was a cylmdrical quartz vessel packed with lengths of quartz tubing. A porce- 
lain vessel was also used. 


The “ Wet ’’ Reaction 

The curves m fig. 1 show the course of the reaction between carbon monoxide, 
oxygen and steam at 660® C. Curves of this kind were plotted for all the 
experiments made, and tangents drawn at the origin. In this way the influence 
of the various concentrations on the initial rate of reaction was found. 



Fio. 1. — Course of reaction with different initial oxygen concentrations. CO == 60 mm. 

H)0 10 mm. 
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The results can be summarised approximately by saying that the rate of 
reaction is proportional to the concentrations of water and of carbon monoxide 
and inversely to the concentration of oxygen. 

Direct proportionahty to the concentration of water vapour holds over the 
whole of the range investigated in the unpacked bulbs, namely, between 540'^ and 
620^ C. and from 6 to 60 mm. Fig. 2 shows the results obtained with the 
largest of the unpacked bulbs, at 660^ G. 


Temperature 660° C. CO — 50 mm. O 2 = 250 mm. 


ProMura of Bteam (mm.). Initial rate (mm. per minute). 


10 

15 

20 

25 


2 1 
3 2 
3 9 
5 2 



Fio. 2. — ^Influence of water oonoentratbn. 00 60 mm. 0| 260 mm. 

In some of the bulbs the rate, while increasing Imearly with the steam pres- 
sure, appeared not to approach zero for zero water concentration. This was 
specially marked in the sphere-packed vessel, and appears to be due to the 
fact that a direct oxidation proceeds concurrently with the water-catalysed 
reaction. That it is most in evidence m the sphere-packed vessel suggests 
that it takes place 011 the surface. In the second part of this paper it will 
be discussed in greater detail. 

Fig, 3 shows the linear relation between rate and concentration of carbon 
monoxide : the experiments were made in the largest of the unpacked bulbs 
and at 560° C. 
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Fiq. 3. — ^Influence of oarbon monoxide concentration. 0, = 260 mm. H^O = 10 mm. 

Similar results were found at other temperatures and m other vessels. The 
following numbers were obtamed with tlic second largest bulb at 600° C. 

Water = 10 mm. O 2 = 360 mm. 


Frouure of oarbon monoxide. 

Imtial rate. 

mm. 

mm per minute. 

60 

9 

116 

19 

160 

25 

220 

67 


In the tube-packed vessel, however, the rate of reaction passes through a 
flat maximum as the pressure of carbon monoxide is increased, and then falls 
off again as shown in the following table. 


Temperature 620° C. Pressure of water = 10 mm. Oxygon = 250 mm. 


PreMure of oarbon monoxide. 

Initial rate 

mm 

mm. per minute 

60 

31 3 

100 

37 5 

160 

01 

210 

70 

270 

76 

346 

60 
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Fig. 4 shows the diminution m velocity of leaction caused by increase in 
the partial preasuie of oxygen. Fig. 1 shows the same efEect, which was found 
at all temperatures and in all the vessels used. The experiments from the 
results of which fig. 4 is plotted were made at 600° in one of the smaller unpacked 
bulbs. The following figures were found at 560° in the largest of the bulbs. 



Fuj. 4 — Influence of oxygen concentration. H,0 — 10 mm. CO = 50 mm. 


Water = 10 mm. Carbon monoxide = 50 mm. 


Prpfl8uro of oxygen 

Initial rate. 

nun. 

mm. per minute 

350 

1 0 

250 

2>3 

150 j 

6 4 

100 

8 0 

50 1 

160 

40 

(exploBion) 


The rate of reaction is very much decreased by a reduction in the dimensions 
of the vessel. For a series of four similar cylmdrical silica bulbs at 600° C. 
the rates of reaction found are shown in the table on p. 93, (The 
value 45 for the greatest rate was not observed directly, but was extra- 
polated from a series of results for higher oxygen concentrations.) In the 
sphere-packed vessels the rate was still smaller. 
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! 

Imtial rate of reaotion 

Diameter. 

for 200 mm. 0„ 50 mm CO 


and 10 mm. H|0. 

1 

cm 

inm per minute 

7 5 

46 

4 0 

15 

3 2 

7 5 

L 8 

1 5 


These results can only bo explained by asaunung the presence of reaction 
chains which axe broken at the wall of the vessel. 

Since the rate of reaction is directly proportional to the concentration of 
water and of carbon monoxide, a natural hypothesis is that the chains start 
with the process CO + H^O = COj + Hj and that the inhibiting influence of 
oxygen is duo to its power of breaking tlw'm Since the influence of vessed 
diameter shows the chams to be broken at tlie wall, it is here that the action 
of the oxygen must be exerted, presumably in oxidising and destroying some 
substance which would otherwise have continued the chain H-atoms) 
But there is another way in which oxygen might act. If the primary process 
takes place at the surface — and there is reason to behove that the water gas 
reaction at these temperatures is heterogeneous— then high concentrations of 
oxygen might poison it. The experiments described m the next section 
show that this alternative is improbable, and that the oxygen acts by breaking 
the chains at the surface rather than by “ poisoning ” the primary reaction. 

The Influence of Iodine. 

The simplest explanation of all the experiments is that the first stage in the 
oxidation is the interaction of carbon monoxide and water at the surface with 
liberation of hydrogen, which then brings about the propagation of chams. 
This idea is supported by the fact that in the region of temperature with which 
we are concerned, hydrogen combines with oxygen by a chain reaction.* The 
mechanism of this cham can easily be modified to include carbon monoxide. 
It might, for example, be supposed that hydroxyl radicles, formed by the 
union of hydrogen and oxygen, mitiate the followmg series of changes : — 

H, 4- Oj = 20H 
OH + CO = COa + H 
H + Og f- CO = COg 4 011 

• ‘ Proo. Roy. Soo.,’ A. vol 118. p. 170 (1928) ; vol. 119, p. 591 (1928) : vol. 122, p. 010 
(1929). 
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This scheme was suggested for the reaction occurring in flames by Farkas, 
Haber and Harteck on the basis of the ideas which Bonhoefl[er and Haber* 
developed from considerations quite different m nature from those of the 
present paper. It must be remembered that other mechanisms have been 
suggested for the interaction of hydrogen and oxygen, and that these can be 
equally well modified to include carbon monoxide as a link in the chain. We 
have here adopted the Haber mechanism for purposes of illustration since it 
has the advantage of being the simplest to express m symbols. 

The combination of hydrogen and oxygen is very much slowed down by 
iodine, which apparently breaks the chains in the gas phase. Without knowing 
the exact cycle of changes occurrmg in the carbon monoxide oxidation, we 
may anticipate that, if it involves the same intermediate products as the 
hydrogen-oxygen reaction, it will also be inhibited by lodme. This antici- 
pation 18 confirmed by experiment. At 580® C., the highest temperature at 
which the rate could be measured conveniently in the largest bulb, the reaction 
in presence of small amounts of iodine was too slow to observe accurately, and 
the temperature had to be raised 100® to obtam a suitable speed. For a given 
temperature the ratio of the speeds in the presence and in the absence of 1 mm. 
iodme is of the order 1 to 100. Furthermore, the influence of vessel diameter 
on the rate largely disappears in presence of iodine : at 680® C. for example, the 
ratio of the speeds m the largest and smallest bulbs is about 3 to 1, compared 
with 30 to 1 m the absence of iodine at 600®. Thus there is clear evidence that 
wall deactivation is relatively unimportant compared with deactivation in the 
gas. 

This provides a means of distinguishing between the two possible modes 
of a<‘tion of oxygen m inhibiting the reaction. If normally the retarda- 
tion by oxygen is due to a poisoning of the primary process, then it should 
persist even in presence of iodine ; if, on the other hand, it is due to the breaking 
of chains at the wall, then it should almost disappear when iodine is present 
to prevent most of the chains from reaching the wall at all. 

In the large unpacked vessel, with iodine, oxygen is found no longer to 
retard but actually to favour the reaction, as shown in the table below. 


* * Z. phys. Chexn.,’ A, vol. 137, p. 263 (192 
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Pressure in millimetres mercury. 


Temperature. 

Iodine. 

Water. 

1 Carbon 

1 monoxide 

Oxygen. 

Initial rate. 

•c. 


1 

i * 


mm per minute. 

650 

0 4 

15 1 

1 100 

50 

1 0 


0 4 

ifi 1 

100 j 

100 

1 :5 


0*4 

15 1 

1 

100 

200 

1 8 

680 

1 7 

22 

55 

50 

2 0 


1 7 

22 

55 

150 

3 0 


1-7 

22 

55 

200 

4 6 


1 7 

22 

55 

400 

6 8 

680 

1 7 

42 

I 65 

50 

2 5 


1 7 

42 

1 65 

100 

3 8 


1 7 

42 

' 65 

1 

200 

5 6 


In the sraallcHt of the unpacked bulbs the mhibiting influence of oxygen is 
atill observable at higher pressures, as shown below. This is understandable 
if we assume that a few of the chains now reach the vessel wall. 


Temperature 680° C. Iodine 1*7 mm. Carbon monoxide 100 mm. 


Press uie of oxygen 

Initial rate 

mm { 

mm per minute 

50 

1 0 

160 ; 

2 5 

200 

2 6 

260 

2 4 

300 

1 8 

360 

1 2 



. 


That there should be an actual acceleratmg effect of oxygen in the larger 
bulb needs further explanation The oxygen evidently favours the propa- 
gation of the chains in the gas, in competition with the iodme which breaks 
them. The dual role of oxygen in favouring the propagation of chains in the 
gas and breaking them at the surface explams why the rates recorded in the 
above table pass through a maximum ; increase in concentration beyond a 
certain limit no longer helps the chains, and then the surface retardation begins 
to predominate. There are analogous examples of chain reactions where 
the reaction velocity increases with the concentration of one of the gases at 
lower pressures and then becomes mdependent of it, for example, the photo- 
chemical combination of hydrogen and chlorme, where the rate, after increasing 



96 G. Hadman, H. W. Thompaon and C. N. Hinshelwood. 

with the hydrogen concentration, eventually becomes indof>6ndent of it. In 
the absence of iodme, when nearly all the chains reach the wall, the surface 
deactivation by oxygen controls the situation. 

Estimation of the Chain Lmgih, 

If wo accept the hypothesis that the chains are started by the mteraction 
of carbon monoxide and water, then an estimate of the chain length can be 
made by comparing the rate of this primary process, measured in the absence 
of oxygen, with the total rate of oxidation. 

For this purpose the rate of the “ water gas reaction ” was measured, by 
allowmg mixtures of steam and carbon monoxide to react for known times, 
withdrawmg samples and analysmg in a Bone and Wheeler apparatus. The 
reaction proved to have all the characteristics of a surface process ; it is rather 
erratic, and the surface of the vessel becomes progressively more active as it 
18 used. The rate is only measurable some 200° above the temperature of the 
experiments on the wet oxidation.” The reaction takes place on a silica 
surface in the same region of temperature as the reverse reaction on the surface 
of heated platinum and tungsten wires. It is unlikely to give rise to chains 
smcc it IS only feebly exothermic. It is impossible to make a detailed study of 
the kinetics since tlie results were variable and the method of experiment very 
tedious, there being no volume change and every determination requirmg a 
complete analysis. The following results, thi'refore, are only to be regarded 
as giving the order of magnitude. This, however, is all that is required for an 
estunat(3 of the. chain length of the principal reaction. 


“ Water-gas Reaction ” in Large Unpacked Bulb. 



Initial preSBuroB 




Tompciatuiv. 



Time. 

00, 

CO, 

CO. 

H.O 

found. 

oorrooted. 

1 



1 

“C * 



mlnw. 

1 


800 

2S5 

70 

20 

11 4 

12 

i 

334 

77 

20 

16 

131 


276 

75 

40 

172 

17 5 

700 

267 

71 

71 i 

1 

li 


298 , 

79 

100 

1 

0-9 


319 1 

77 

240 

1 

6 3 

4-6 


The last column gives the carbon dioxide formed corrected to initial pressures 
of 70 mm. water and SOO mm. carbon monoxide, making the rough assumption 
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that the amount of change la hnearly proportional to the initial pressures. 
With this same assumption, and extrapolating to 600° C., the rate for 10 mm. 
water and BO mm. carbon monoxide is fovmd to be of the order 10"* mm. per 
minute. This figure is admittedly very rough ; it may be m error by a factor 
of 3 or 4, but the nearest power of 10 is enough for our purpose. Under the 
same conditions, but with 100 mm. oxygen present, the rate of oxidation would 
be 19 mm. per minute. Thus the length of the chains appears to be of the 
order 19/10"*, or rather more than 10*. 

Since the chams appear to traverse the vessel from one side to the other, 
this 18 not an improbable result. The efficiency of collisions in propagatmg 
the chains can now be calculated as follows. From the Einstem formula for 
the mean displacement, x, of a molecule in time x® == 2D^ taking 5 as a mean 
value for the diffusion coefficient, D, at the temperature and pressure under 
consideration, the mean time required for a chain to traverse the free space is 
foimd to be about 1 second. The number of collisions which a molecule 
experiences during this time at 600° C. and a total pressure of 160 mm. is found 
from the formula 

to \m\ 5-6 X 10^, taking 0^2 to be about 3 X 10“* cm, and and Mj 
to be 30. Thus there occur 5*6 X 10®/1*9 X 10® 3 x 10® collisions for 
each fresh link in the reaction, chain. In other words, the efficiency of 
collisions for the propagation of the chams is of the order of 1 m a 100, 
which, compared with the normal efficiency in chemical reactions, is very high, 
and corresponds to hardly any activation.* 


The Interaction of the Dried Gases. 

In the absence of water the kinetics of the reaction arc fundamentally 
different. 

For the investigation of the “ dry ” reaction the apparatus was modified ; 
the water bulb was removed and the gas holders were replaced by large globes 

* An aibitraiy value of oxygeu coiieentration has been used in this calculation. It 
would perhaps be more correct to use a value con-esponding to the maximum influence 
which oxygen can exert, since otherwise there is the likelihood that chains are * reflected * 
backwards and forwards several times There arc indications of such a maximum oxygen 
influence oven in flg. 4. Allowing for this, the efficiency of collisions is found to be about 
ten tunes smaller. 
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oontaining a supply of pure phosphorus pentoxide. All the taps were lubri- 
cated with ** Apiezon grease. A globe in which carbon dioxide was stored 
to dry was also sealed to the apparatus ; its purpose will be explained later. 

The first experiments were made after the gases had been drying for 3 weeks, 
and the reaction vessel had been baked out at about 800° C. But it is to be 
noted that the cntenon of dryness in this investigation is not the prescription 
of the method of drying, the adequacy of which is always contestable, but 
the behaviour of the gases after the treatment. 

Measurable reaction now began only at temperatures 100° higher than with 
the wet gases. The vastly slower oxidation is not detemuned by such residual 
traces of moisture as there are, for, under the new conditions, oxygon no longer 
retards the reaction. 


Temperature 691° C. 


1 

Initial prossures. 

Initial rate. 

Carbon monoxide 

Oxygen. 

320 

200 

nun. per minu 
0*36 

300 

100 

0 26 

320 

200 

0 37 

100 

200 

0 21 


The reaction rate is proportional to a power of each of the concentrations less 
than the first. 

In the following table the rates in an unpacked and a sphcrti-packed vessel 
having an area/volume ratio about 16 times as great arc compared. 


Sphere-packed Bulb. Temperature 685° C. 


Initial prowuroB. 


Cat bon monoxide. 

Carbon dioxide. 

Oxygen. 

100 

80 

60 

100 

80 

100 

100 

80 

200 

100 


300 

100 

80 

400 


Initial rate 


mm. per nunute 
31 
3 0 
2 0 
3 1 
2*7 
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Unpacked Bulb. Temperature 685° C. 



Initial prensures. 



Carbon monoxide. 

Carbon dioxide. 

Oxygen. 

uiiviohi rvLUft 

100 

80 

200 

mm. per minute. 

0 179 

100 

80 

400 

0 266 


(In these experiments carbon dioxide was added initially to raise the total 
pressure above that of the “ explosion limit,” as will be explamed below.) 
It will be seen from these results that the reaction velocity is increased in the 
sphere-packed bulb in proportion to the increase m the surface/volume ratio. 
This indicates that the process occurring is to a large extent a heterogeneous 
reaction. In the packed vessel the rate of oxidation is independent of the 
oxygen concentration, while m the unpacked vessel the rate increases with 
concentration. This might be taken to indicate that a certain proportion of 
the reaction in the unpacked vessel is really homogoneoub. Attempts were 
made to measure this gaseous reaction by suitably increasing the pressure and 
temperature so as to make it predommate over the wall reaction. This 
attempt was frustrated in two ways. In the first place only moderate pressures 
of the gases were available ; this made it necessary to attempt to work at 
higher temperatures. But here there exists a region of explosion at lower 
pressures similar to that observed in the hydrogen-oxygen combination and 
other reactions. The hmiting pressure, above which the mixture must be for 
slow reaction, is displaced upwards as the temperature becomes greater. At 
the higher temperatures nuxing of the gases in the reaction vessel inevitably 
led to explosion, while at lower ones the rate of combmation at pressurea above 
the critical limit was still so small that the homogeneous reaction had no chance 
to predominate. The explosion area was mapped out by Semenov using 
moist gases. In the present series of experiments with the dry gases, though 
it could only be determined somewhat roughly, it was found to be situated m 
the same region of pressure and temperature as desenbod by Semenov, so that 
the same phenomenon is evidently occurring. The limits were discovered 
by experiments in which mixtures prepared at a lower temperature were 
slowly heated up to the point of ignition, the amount of reaction preceding the 
entry into the explosion area* usually being small. It is remarkable that, 

* The boundaries of this area are such that at 660° C. approx, explosion ooours if the 
pressure lies between 20 mm. and 160 mm. for Of : CO 1 : 2. 

H 2 
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although the gases were dried to the extent that the slow reaction was retarded 
something like a hundredfold, the low pi^essure explosion was relatively little 
affected. This, at first sight, suggests that the explosion is a phenomenon 
independent of water, but, in the absence of more precise knowledge of its 
mechanism, this conclusion is a doubtful one. It is possible that without any 
trace of water to sot up chains the “ low pressure explosion ** might be inhibited. 

This explosion is quite different in nature from the thermal explosion which 
Dixon and others have studied, and which is largely dependent on the con- 
centration of water vapour. In the experiments with the wet gases in the 
larger unpacked bulbs it was possible to mcrcase the concentration of water or 
carbon monoxide, or to reduce the concentration of oxygen, to a point where 
the velocity of combination became so great as to pass into an explosion. 
But with the dry gases increase in the concentration of carbon monoxide, 
although mcreasing the reaction velocity, tended to stop the low pressure 
explosion, i.e., raised the ignition temperature. 

Experiments are being carried out with the object of finding out more about 
the conditions governing the explosion of the dry gases in this low pressure 
area. 


Summary. 

(1) In the presence of water the oxidation of carbon monoxide takes place 
at a rate which is approximately proportional to the concentrations of water 
and carbon monoxide and inversely proportional to that of oxygen. The rate 
in a series of cylindrical bulbs is roughly proportional to the square of the 
diameter. 

(2) These facts are explained by the assumption that the pnmary process is 
the interaction of carbon monoxide and steam giving hydrogen, which then 
sets up reaction chains analogous to those occurring in the simple combination 
of hydrogen and oxygen. 

(3) The retarding action of oxygen is explained by the breaking of the chains 
by an oxidation process at the wall of the vessel (e.g . , removal of hydrogen atoms) , 
not by a “ poisoning of the primary process. This is shown by the fact 
that in the presence of iodine, which prevents nearly all the chains from reaching 
the wall, the inhibiting action of oxygen disappears. 

(4) By comparing the rate of the primary interaction of carbon monoxide 
and steam in the absence of oxygen with the total rate of oxidation, the chain 
length is found to be of the order lO* in a 7 • 6 cm. diameter silica vessel at 600° C. 
The efficiency of collisions in propagating the chain is as high as 1 in 100. 
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(6) Tlie kinetics of the itit(»raction of dried carbon monoxide and oxygen 
are fundamentally difteroul , confirming the view that direct oxidation takes 
place mdependently of residual traces of moisture. The direct oxidation is 
predominantly a heterogon<»ous rea<-tion luider the conditions of the experi- 
ments. 

(6) At lower pressuri's with the dried gases there eadsts a region of explosion, 
bounded by limits outside which the reaction is very slow. This region corre- 
sponds approximately to tliat found by Semenov for tlie moist gases. 

We are indebted to Im])orial Chemn^al Industries and to the Royal Society 
for grants with which apparatus for this work has been obtained. 


Fluorescent Excitation of Mercury by the Resonance Frequency and by 
Lower Frequencies, — IV.* 

By Lord RAYnEion, For. See R S 
(Received May 19, 1932.) 

[I'lATES 5 AND 6.] 

The present pajier deals (‘iitirely with ‘‘ core ” excitation of mercury vapour, 
that is to say, fluorescent excitation by the atomic resonance line X 2537, 
the primary action of which is, without doubt, to produce 2 excited atoms 
in the vapour. 

§ 1. ExperinmUnl Arrangejnents, 

The source was a small commercial mercury lamp in silica, of the standard 
pattern made by the Thermal S 3 aidicate of Wallsond. It was immersed in a 
tank of water, kept cool by a constant flow through. A magnetic field from a 
bar electromagnet kept the discharge pressed forward. The magnet was placed 
vertically above the lamp, and the iron core alone dipped a short distance into 
the water. The beam made parallel by a quartz condenser was filtered through 
5 cm. of saturated bromine vapour and 15 cm. of clflorino gas at atmospheric 

♦ I, *Proo. Roy. Soo.,’ A vol. 125, p. 1 (1929); IT, *Proo. Roy. Soo..’ A, vol. 132, p, 
650 (1931) ; HI. ‘ Proo. Roy. Soo.,’ A, vol 135, p. 617 (1932). 
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prefigure. This combination of filters approximately isolated the resonance 
line. It is true that the group of lines near X 2652 was largely transmitted, 
but the other strong mercury lines between this and the green line were com- 
pletely suppressed. Reproduction No. I is a direct spectrogram of the source 
thus filtered. The exposure has been pushed as far as possible, short of fogging 
the plate by the diffuse hght of the instrument, and it is seen that oven so 
no trace of the strong mercury lines is obtained. The importance of this will 
appear later. 

The fluorescence vessel was the same as that described in III, p. 619. The 
drawing is substantially reproduced here in fig. 1 for convenience of reference. 



A is a vessel 2 cm. square, built up from sheets of fused silica, ground and 
polished. It is prolonged above into a wide silica tube B serving as condenser. 
B is cooled by a coil of compo pipe of small diameter woimd over it. It is 
advantageous to lag the outside of this with asbestos cloth, to prevent con- 
densation of the water of combustion from the burner, which may otherwise 



Fliuyrescent Eocdtation of Mercury, 103 

accumulate and ultimately run down, with objectionable results. Mercury 
boils in A over a burner, condenses in B and returns by the annular gutter C 
and the side tube D. The boilmg takes place under an atmosphere of nitrogen 
of any desired pressure admitted to B. No nitrogen penetrates into A, which 
is full of mercury vapour. The issuing vapour keeps the nitrogen away from 
A as in a condensation pump. 

The exciting beam enters on the loft, half way up the square part of the 
vessel. A metal diaphragm covers the left-hand outer wall, and a hole about 
3 mm. square admits the beam. The latter is parallel when it traverses the 
filtering tubes of about 7 cm. clear aperture, and is finally converged on to the 
small window by a quartz lens of 8 cm. diameter and 11 cm. focus, sometimes 
supplemented by a smaller one of 2*6 cm diameter and 5 cm focus A final 
convergence of 70° or more produced by using this small lens is advantageous 
in many experiments ; but where it is important to avoid stray light diffused 
by the square vessel, a smaller angle, is preferable, so that the divergent 
beam can ultimately escape through the right-hand wall, without directly 
illuminating the front and back walls. 

§ 2. Phoiographa of the Luminous Vapour Stream through Sdectim FiUers, 

Using these arrangements, a series of photographs of the fluorescent light 
have been made with a quartz-fluorite achromat, through filters which selectively 
pass — 

(a) The resonance line 2637 (40 cm. chlorine and 5 cm. bromine vapour 
combined). 

(b) The band 3300 (5 cm. bromine vapour, 1 mm. blue uviol glass). 

(c) The visual band 4860 (aesculene m gelatine filter, Wratten No. 2). 

These photograplis are reproduced in order to show how the fluorescent 
light distributes itself m the vessel, and how far this distribution is influenced 
by the motion of the stream of vapour, under various conditions of ebulhtion. 

The excitmg light is introduced locally into the middle of the vertical 
height. Owing to intense absorption due to the atomic absorption line it is 
unable to penetrate directly any distance into the vessel, and we may 
consider that the primary effect of the light is to generato locally in the 
mercury stream a concentrated supply of 2 atoms. 

Photographs taken under nearly similar conditions have already been 
published in I, Plate 2 (upper row) and Plate 3. They brought out the impor- 
tant point that while the visual green fluorescence moves with the stream of 
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vapour when ebullition takes place under a pressure of 6 mm. or even more, 
the resonance radiation does not do so, until the atmosphere above the boiling 
mercury is reduced to a fraction of a millimetre. The two could therefore be 
separated in space. The phenomenon of conspicuously moving with the 
stream away from the place of excitation is referred to as “ persistence.” 

The problem of explaining persistence seems simplest m the case of resonance 
radiation, owing to the smaller number of possibilities. The present photo- 
graphs were taken under better conditions than the earlier ones, and are 
much more instructive. Nos. IV, a, V, a, and VI, Plate 6, are all taken in the 
light of the resonance line, with successively diminishing pressures, ft will 
be noticed how conspicuously the luminosity spreads away laterally from the 
place of excitation , contrasting sharply in this respect with the visual fluoiosccnco 
(compare IV, 6) which latter moves up in a compact stream on one side of the 
vessel. As in the earlier work, the resonance luminosity is not affected by the 
vapour stream at pressures of 2 mm. An effect first begins to show at 1 mm. 
(V, a) and becomes more conspicuous when the nitrogen atmosphere over the 
mercury is pumped away altogether (VI). 

These pictures will at first sight seem very different from those previously 
pubhshed, on account of the great lateral extension of the (photographic) 
luminosity. This is merely a matter of exposure. In fact, on reducing the 
exposure sufficiently, results similar to the old ones were obtained, the 
lummosity being limited to witliin 1 to 2 mm. from the place of entrance, 
when the pressure was 2 mm. of mercury. It will bo evident that whatever 
the mechanism by which the luminosity spreads, it must be rapidly diluted by 
expanding in all directions as in reproduction IV, a. It clearly does expand in 
all directions, for the divergent cone of incident radiation which spreads out 
from the small window is only of 60° angle,* while the secondary luminosity 
spreads over the entire hemisphere, right up to the entrance wall of the vessel. 
So far from being carried tmth the vapour stream, it is clear that diffusion of 
the resonance luminosity at these higher pressures is able to take place sensibly 
as well against the stream. As the pressure is lowered and the stream becomes 
more rapid, this ceases to be the case, and the luminosity is earned up as in 
reproduction VI, Plate 6. 

These photographs decidedly suggest that the diffusion of lummosity is by 
repeated handing on of a quantum of radiation from an atom to its neighbours, 
with ultimate escape ; indeed, it is difficult to imagine any other process by 
which this luminosity could be propagated not only with but also against the 
* Or possibly much less ; unfortunately no record was made. 
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general motion of the vapour. The velocity of propagation by this process 
should increase with diminishing pressure. The velocity of the vapour stream 
does the same, and the evidence of the photographs indicat.es that this latter 
increase is the more rapid so that at low pressures the process of radiation 
transfer is not able to make headway against it, and the luminosity is carried 
up. The whole matter requires much closer scrutiny than it is possible to 
give in pioneering work like the present. 

(Jther photographs have been tak(»n with the light of the continuous maxima 
X 3300 and X 4860. These differ m a very striking way from the former. 
See reproductions IV, a, IV, 6, IV, c, Plate 6, which show the vessel under 
unchanged conditions, photographed with the same lens, the only difference 
being m the filters which are arranged to admit either 

X 2637 (IV, a) or X 3300 (IV, 6) or X 4860 (IV. c) 

There is no important difference b<*tween IV, h and IV, c, beyond what may be 
attnbuted to variations of photographic intensity These are at 2 mm. 
pressure. 

Reproductions V, a and V, ft, from a group at 1 mm. pressure, the former in 
the light of X 2537, the latter m the light of X 3300 and 4850 combined, as it 
was considered unnecessary to take separate photographs. 

Comparing the other cases with the resonance radiation it is clear that wo 
liave to do with a separate phenomenon. There is nothing to suggest that the 
visual luminosity (4850) or the lummosity of X 3300 have appreciable power 
of propagating themselves against the stream ; and this is quite m harmony 
with the view that has been taken. The process of imprisonment of radia- 
tion ” could have no place here, because these emission maxima are not foufid 
%n absorption. The appearances are, on the other hand, quite suggestive of 
the view that the luminous centres, or the centres that are destined to become 
luminous, move along the stn^am lines of the vapour generally, m a way 
analogous to the threads of coloured liquid used m Osborne Reynolds* method 
of examining tlio flow of liquids ; makmg some allowance for the facility of 
gaseous diffusion which naturally leads to the luminous vapour column 
broadening out in a way that the liquid thread does not. Some apparent 
tendency to work from the walls to the centre would be expected. Near the 
walls, where the luminosity starts into bemg, the motion is slow, and the 
luminosity does not rise far before fading out. It is, however, carried out 
towards the centre of the vessel by lateral diffusion. Here the vertical motion 
is more rapid, and the lummosity does not fade out in so short a distance. 
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All this confirms the view usually taken that we have here to do with long- 
lived excited atoms or molecules. This subject has often been discussed, 
but for the most part only from a speculative point of view. Direct experi- 
mental evidence will hero bo presented that the visibly luminous vapour, as 
shown m reproduction IV, o, contains both kinds of metastable mercury atoms ; 
and that tht^se have tlie same g<meral space distribution as the fluorescent light : 
on the other hand their distribution is entirely different from that of the 
excited atoms (not metastable) which give rise to resonance radiation as in 
reproduction IV, a. 

§ 3 Detection of MeiOHlahle 

Metastable atoms are brought mto evidence directly by the “ forbidden 
lines ” and, as we have 8een,t the more excited kind 2 are shown to be 
present in the fluorescent vapour by the forbiddi'n hue 2270, 1 2 It 

IS probable that the other forbidden lino is present as well, but adequate in- 
vestigation has not yot been made This method is, however, too insensitive 
to be satisfactory for determining generally the presrmce and distribution of 
metastable atoms m the glowing mercury. A much better test for them can 
be made by applying further excitation and observing the result. The lower 
kind of metastable atom requires the higher frequency (violet) to bring it to 
2 ®Si. The higher kind is brought to the same level by green radiation. The 
achievement of the 2 level is brought into evidence by the complete visual 
triplet being emitted, and we can look for whichever component of the triplet 
18 most convenient. When using violet supplementary excitation, it is con- 
venient to look for the green component, and when using green, the blue and 
violent are ]ook(^d for. These cases are illustrated in figs. 2 and 3. The radiation 
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* A preliminary account of most of the results of this section is given in * Nature, 
voL 129, p. 344 (1032). 

t m, p. e26. 
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looked for are in each case shown by a full line arrow. The transitions marked 
by dotted line arrows doubtless occur, but are not convenient to observe. 

The beam of violet light comes from a supplementary mercury arc in quartz.* 
It is easy to remove green light by any kind of blue or violet filter, but in 
addition we require the means of removing at pleasure either the blue line or 
the violet line, so as to estimate the comparative importance of 2 ®Po and 2 
in any phenomenon tmder investigation. This may bo done either by colour 
filters or by prismatic separation 

As to colour filters, m many of the experiments 1 cm. thickness of 8i*hottV 
blue uviol glass (BG3 m his catalogue) was used for passing the violet liiu* 
and stopping the blue ; but later 4 mm of Schott’s violet glass (U63) was 
adopted as superior As in all such cases the thickness used is a compromise. 
Perfect separation means undue loss of light. 

For transmitting the blue line and suppriissing the violet, a solution of 
aesculene is efT<‘ctive, and was used at first. Later for the convenience of 
avoiding a liquid, 2 mm. thickness of Schott’s pale yellow glass GG3 was 
substituted. 

According to the data given by the makers, the transmission of the various 
glass filters is as follows : — 

10 mm. BG3 4 mm UQ3 2 mm. GG3. 

Violet hue 0-312 0-62 0-017 

Blue line ... 0-021 0-04 0-60 

When prismatic separation was used the beam came out horizontally from 
the supplementary mercury lamp, limited by a 2 mm. horizontal slit. The 
“ collimator ” was 7 cm. diameter and 15 cm. focus. A large 60® carbon di- 
sulphide prism was used, with refractmg edge horizontal and downwards. 
This refracted the beam obliquely upwards, and the horizontal direction was 
restored by a silver-on-glass reflector. The final convergence was by a lens of 
about 4 cm. diameter, which had a vertical movement in its own plane as well 
as the focussing adjustment. Various lenses were used from 12 cm. focus 
downwards. I have spoken of a “ collimator,” but actually the condensmg 
lens was used to render the beam somewhat convergent, so that a smaller 
lens could be used to give the final convergence. The green ray was thrown 
far enough off to escape the comparatively small focussing lens entirely, so 

* The best form of meroury aro has not been particularly studied* There might be 
advantage in using a water-cooled aro to get narrow lines free from self-reveival. It 
was suspected that the lamp workinl less well for this purpose when hot. 
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that no filter was needed to suppress the glare due to it. The blue and violet 
rays were well separated, and the effect due to each could be seen separately 
and compared directly. This is the chief advantage which the prismatic 
arrangement has over the filter, which is in other respects more convenient. 

When it was desired to excite with the green ray, Wratteu filter No. 9 was 
used to cut out the blue and violet. This is simple and efficient, involving 
little loss of light. There is no advantage in the prismatic monochromator for 
this case. 

The vessel used for this test is the same as in fig. 1, Fig. 4 will help to 
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explain the method of applying it. The exciting resonance radiation comes 
in from the loft through a small aperture m a metal diaphragm. The green 
fluorescence is seen to spring from the place where it enters the vapour as 
indicated (see also reproduction IV, c). This fluorescence by no means dis- 
tnbutes itself over the whole cross section 2 cm. square, but remains isolated 
with comparatively slight lateral spreading. At a distance of, say, 1 cm. up, 
it meets with the convergmg beam of violet light X 4046 coming through the 
right-hand wall of the vessel, and where the violet beam traverses it a marked 
increase of luminosity is observed. 

Viewing the rising stream of luminosity through a powerful direct vision 
prism, it IS seen that the locally enhanced luminosity is monochromatic, con- 
sisting of the green atomic mercury line (the accompanying blue and violet 
are visually too faint to be noticed). It is only where the local enhancement 
occurs that this lino can be seen.* 

* The green line is doubtless faintly present from the first, forming part of the complete 
Bpeotrum as in reproduction II, see below, f 4. But it is not strong enough to be observed 
visually under the conditions when the supplementary light is not aoUng. 
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The way in which the initial luminosity is locally enhanced should be evident 
from reproduction No. VIII of a photograph taken on an orthochromatic 
plate with a yellow screen. The lower arrow on the left indicates the direction 
of the original illumination, and the upper one on the right the auxiliary 
illumination. This photograph represents with the visual appearanci! without 
dispersion. If the prism is used, the initial continuous luminosity is dispersed 
away and diluted, while the monochromatic enhancement appears isolated. 
The photograph VIII, Plate 6, was taken with the blue and violet radiation 
mixed in the auxiliary light. IX, a, is with the violet alone, IX, 6, with the 
blue alone. The technical difficulties arc greater m this case, and the result 
not quite so good. But it will bo evident enough that it is the violet and not 
the blue component which produces the local enhancement. 

The beam of violet light can be swept up and down by making use of the 
vertical movement of the converging lens. The local development of the green 
mercury line can then bo seen to follow the contour of the initial green 
fluorescence which has a continuous spectrum. 

In this way it is clearly proved that metastable 2 atoms are present, and 
that they are distributed in the tube in the samemanneras the green fluorescence, 
rising upwards along with it, and spreading laterally to the same moderate 
extent. 

The same is true of 2 ^Pg atoms, though these, as might be expected, are fewer 
in number, and produce less conspicuous effects. Using the green mercury 
Ime for supplementary excitation m the same way as the violet line was used 
before, we again get a local development of the visual triplet, which enhances 
the brightness of the initial rising fluorescence. In this case the oliaervation 
caimot well be made visually, on account of the great brightness of the auxiliary 
green illumination. As already pointed out (see fig 3), the blue and violet 
components are the best to look for, and these lend themselves to photographic 
detection. At the same time the additional photographic bnghtness is not 
great. Wratten’s filter No. 76 (deep blue monochromat) was used over the 
camera lens to favour the blue mercury Ime as much as possible. Reproduction 
No. X shows the result. 

Spectrographic observations were made so as to establish the nature of the 
locally increased illumination, the rising column of vapour bemg focussed on 
the slit. It was found as expected that the blue and violet mercury lines 
came out locally at the level of the green supplementary illumination, which 
latter, it will bo remembered, was filtered free of these components. 

These experiments prove very clearly the presence of the two kinds of 
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metastable atoms in the rising green luminosity. As already stated, the test by 
illuminating with the blue line under similar conditions does not show the 
presence of 2 atoms to a comparable extent (reproduction IX, 6). It will, 
however, doubtless occur to the reader that 2 ^Pj atoms are the inevitable 
product of absorption of the resonance line, which is the primary process 
concerned. This is, of course, true, and in fact at 2 mm, pressure we can detect 
the 2 atoms by the test of auxiliary illumination, but only in the immediate 
neighbourhood of the pomt of excitation. They do not stream up to any 
important extent with the rising vapour, when the test is made at 2 or 1 mm. 
pressure. 

The distribution of 2 ®Pi atoms is, however, much more easily determined 
by the resonance radiation (reproductions IV, a, V, a, VI) which is a more 
sensitive indicator than the method of auxiliary blue illumination. The latter 
method gives the same result as a short photographic exposure to the resonance 
radiation, and at pressures of 1 mm. or more is only adequate to detect 2 “Pj 
atoms close to the pomt of excitation, where they are most numerous. At 
lower pressures they can be detected over a considerable volume lu accordance 
with the distnbution shown in reproduction VI. Making allowance for 
difference in sensitiveness, the results of the two methods are m agreement. 

To sum up, the distnbution of the two kinds of mctastable atoms follows 
the visual green luminosity. The 2 *Pi atoms follow the luminosity m 
resonance radiation. 

§ 4. Line Spectrum in Fluorescence. 

The experiments of Fiichtbauer* and of R. W. Woodj liave shown very 
clearly the mechanism of one typo of process by which the mercury line spec- 
trum may occur in fluorescence. What has been described above as the test 
for metastable atoms is in fact an example of this. It consists in the mitial 
excitation of the mercury atom to the 2 ®Pj level, and further excitation by 
the absorption of other frequencies. There may then be a descent to the meta- 
stable levels, and up again to levels not otherwise accessible. 

I have had occasion to observe this type of process in the present work 
under a form which, if not essentially new, is nevertheless an interesting 
variant of some of Wood’s experiments, and which may conveniently be 
desenbed here for comparison with that which will follow. 

In the work described so far, the chlorine and bromine Alters substantially 

• ‘ Phy». Z.,’ vol. 21, p. 694 (1920). 
t * Phil. Mag.,* Yol. 60, p. 774 (1926), and other papers. 
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wolated the resonance line (reproduction I). If these filters are removed, 
then a tongue of green light showmg the monochromatic radiation 5461 projects 
into the fluorescence vessel. Fig. 5 represents the appeaTan(;o at 1 mm. 
pressure showing how the green fluorescence of continuous spectrum passes 
up, while the tongue of monochromatic green light does not do so. Inter- 
posing the blue corex filter, which cuts out any possibdity of false light from 
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the source, these effects are unaltered, except for inevitable loss of intensity. 
In this case we have m the main the further excitation of 2 atoms to 2 
by absorption of the blue line 4368 from the original source. The point I 0 be 
emphasised is that the monochromatic green radiation produced m this way 
does not show the slightest sign of passing upwards m the mercury str<»am. 

If the blue line 4368 is suppressed from the sourei*, the green light in the 
luminous tongue disappears, but a yellow component, previously masked by 
the much greater brightness of the green, comes mto view. This yellow 
component is produced by secondary absorption of the ultra-violet lines 3132 
and 3126 (see fig. 6) and can be suppressed by interposing the chlorine cell 
which cuts out these lines from the source. 

The colour contrast between the green fluorescence which moves up with the 
stream, and the yellow tongue which sticks out rigidly in a horizontal direction 
makes the experiment a striking one. At low pressures, 0-6 mm. for instance, 
the green fades away, leaving the yellow tongue. It is seen in reproduction 
VII which was taken through a yellow screen on a panchromatic plate. 
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The immobility of the toDgue of monochromatic green or yellow radiation 
agrees, of course, entirely with the accepted view that emission of the green or 
yellow atomic hno takes place in a time of the order of 10' ® seconds after 

excitation The gas stream cannot 
carry the excited atoms any sensible 
distance in so short an interval. 

In the cases described so far, line 
spectrum fluorescence (‘sseiitially de- 
pends on tlie presence of radiations 
other than X 2537 m the soiuce. 

I have now to describe a different 
phenomenon which we get when 
X2537 is isolated by the selective 
filters, the spectrum of the source 
}jemg as m reproduction 1. It is 
found that when the green fluores- 
cence, seen rising as in reproduction 
IV, c, is examined spoctrographi- 
cally, the complete line spectrum is 
obtamed,'*' superposed on the band 
spectrum. 

A wire was stretched across the wall 
of tlie silica vessel, fig. 1, so as to indi- 
cate the level of the excitmg beam, and 
the rising luminosity was focussed on 
the sbt of the spectrograph by means of a quartz-fluoritc achromat, the obscuring 
wire bemg depicted about the middle of the slit. The spectrum (12 hours 
exposure) is shown in reproduction No. II. 1 cm. of vertical distance on the 
column of vapour is repiescnted by a slightly longer distance on the repro- 
duction, sec scale to the right It is clear that the atomic mercury lines are 
carried up above the level of the excitmg beam in just the same way as the 
continuous maxima of the band spectrum. I have not so far succeeded m 
getting satisfactory monochromatic pictures of the rising fluorescence in the 
light of the various lines, but the (‘vidence of spectrogram III makes it nearly 
certain that a distribution similar to IV, c, would be shown. The spectrogram 
shows in addition that the resonance radiation is distributed quite differently 

* A preiiimnary account of tins result Has given in ' Nature,' vol. 128, p. 905 (1931). 
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from the other features, being almost as conspicuous below the level of the 
exciting beam as above it. This is another illustration of what has already 
been insisted on in connection with the reproduction 1V» a, o. It is necessary 
to emphasise once more tliat these atomic lines are effectively filtered out from 
the source, and cannot be detected by any exposure direct on the filtered source, 
even to the point of fogging out everything with the light of the resonance 
line. They originate de novo in the fluorescence vessel. Further, they differ 
from the atomic lines produced by stepwise excitation, in that they are carried 
along with the mercury stream, or show persistence. 

The origm of these lines presents one more difficulty in the already involved 
problem of mercury fluorescence. Since they require higher excitation than 
the resonance line, the question arises whether we have here a case of multiple 
excitation. It is known that the band spectrum intensity, including even 
Wood’s bands which are of considerably higher frequency than the exciting 
resonance line, vanes as the first power of the excitmg mtensity.* This was 
ascertamed by Wood’s teat with perforated zme, the mtensity being found 
the same whether the latter is placed over the primary source or over the 
secondary fluorescent source. The perforated ziru; used cut down the aperture 
sixfold. 

Using the same perforated zinc m the present case, it is found that the line 
mtensity is much great(*r when the zme is over the secondary source, see 
reproduction No. III. TJie middle strip represents this case, the outer strips 
being taken with the perforated zme over the pnmary source. This is merely 
a sample of many such tests. Usually a considerable number of alternate 
('xposures were made on the same plate. The result was always as above. 

It appears then that the mtensity of the line spectrum increases much more 
rapidly than the first power of the excitmg intensity, probably as the square. 
This is also the case with the ionisation known to be produced by tht^ resonance 
linef and I fully expected to find that these phenomena wore closely connected 
So far, however, the experiments made to establish such a connection have not 
given any positive result. Assuimng the line spectrum to be emitted during 
the recombination process, we should expect that the application of an e.m.f. 
would make dark a space round the negative electrode, as is found to be tho 
case for the luminous vapour rising from the mercury are.j 

• See ni, pp. 624-626. 

t Rouse and Giddings, ‘ Proc. Nat. Aoad. Soi.,’ vol. 11, p. 514 (1926) and vol. 12, p. 447 
(1026) I also Houtermons, * Z. Phyaik,' vol. 41. p. 610 (1927). 

X See for example * Proo. Boy. See.,* A, vol. 91, p. 92 (1914). 
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To test this point, two wire electrodes 1 mm diameter and 2 ram. clear 
distance apart were arranged so as to be bathed in the fluorescent light, fig. T, 
using the same filtered source as before. The space between the electrodes 
was focussed on the spectrograph slit, so that the spectrum should be taken 
from the region where the electric field was strongest, and that no light should 
be taken from any other region. 140 volts was applied between the electrodes, 
and a number of comparable photographs were taken on the same plate with 
the field on and off alternately. This was tried at 
pressures of 3, 2 and 1 mm , the exposure time being 
usually 10 minutes. The current passing between the 
electrodes was of the order of 10“’ ampere, but I had 
no test to determine how much of it was duo to a photo- 
electric discharge from the negative electrode, and how 
much to direct ionisation of the vapour. No definite 
difference could bo detected m the intensity of the lines, 
either near the negative electrode or elsewhere, according 
to whether the field was on or off 
It was desired to check this result by visual observa- 
tion, but the spectrum was not bright enough for the 
purpose. No change could be seen m the unanalysed 
visual intensity when the field was applied, but this test 
IS a poor one, owing to predominance of band spectrum. 

Removing the chlorine and bromine filter, a strong stepwise excitation of the 
green mercury line was obtained as before. As might be expected, this 
luminosity was quite unaffected by the field. 
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§5. Summary. 

The paper deals with the ‘‘ core effect,” that is to say, fluorescent excitation 
by the atomic resonance line. 

It is shown, more clearly than in previous work, that in a moving current of 
vapour the resonance luminosity behaves differently from the other com- 
ponents of the fluorescence. It can diffuse itself independently of, and 
against the vapour stream under conditions when the visual fluorescence is 
dominated by the vapour stream, and completely carried along with it. It 
is only at lower pressures that the resonance luminosity is affected by the 
stream, presumably owing to the greater velocity of the latter. 

It is proved by direct experiments that the visual luminosity contains meta- 
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stable atoms of both kinds — 2 ®Pq and 2 ‘Pj. These are provisionally regarded 
as supplying the energy from which the persistent luminosity is derived. 

The resonance luminosity, on the other hand, contains only 2 ®Pi atoms, and 
the persistent luminosity in this case is attributed to “imprisonment of 
radiation.” 

It is found that the complete lino spectrum of mercury is present when 
excitation is by the rosonauce line other wave-lengths being absent from 
the source. The spectrum thus excited is dominated, like the band spectrum, 
by the motion of the vapour stream. In this it differs altogether from the 
line spectrum excited by successive absorptions, as investigated by R. W. 
Wood. 

This new development of the line spectrum is found to increase much more 
rapidly than the exciting intensity — probably as the square. It ap^iears to 
be indifferent to an electric field, and for this reason it is difficult to connect it 
with the ionisation known to lx* produced by the same kind of excitation. 

I have pleasure in thanking my assistant, Mr. R. Thompson, for efficient 
help in this work. 


DESCHIPTION OF PLATES. 

I — Spectrum of exciting bglit usod. Cooled mercury lamp Resonance line 2537 

approximately isolated. 

II — Spectrum of fluorescent stream of mercury. 2 mm. pressure Exciting light intro- 

duced at the level 0 (zero), marked by an obscurmg wire. Vertical distances shown by 
scale on the right. Note maxima at 2650, 3300, 4850, also hne spectrum not present 
in the source. These are all carried along stream. The resonance hne and the band 
near it are as conspicuous down stream as up stream , compare No. IV, a. 

III. — Spectrum of fluorescence at 6 mm. pressure. Middle strip, fluorescence cut down 
sixfold by perforated zinc. Top and bottom strips, perforated zinc removed to 
source. Band spectrum intensity unaltered. Line spectrum much reduced. 

PlJlTB 6. 

The reproductions on this plate are 0*85 actual size. 

IV. — Fluorescence, direct photographs at 2 mm. pressure. I.ievol of exciting beam marked 

by a dark obscuring line. 

a. In light of the resonance line. 

b. In light of the continuous maximum 3300. 

c. In light of the continuous maximum X 4850 (visual). 

V. — ^Fluoresoenoe* direct photographs at 1 mm. pressure, a. in light of the resonance 

line. 5. in light of the continuous maxima 3300 and 4850 not separated. 
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VI.— Fluoreeoenoe, direct photograph, in light of resonanoe line X 2637. Vaonum, i.e., 
no gae atmoaphero over boiling meroiuy. 

Vn. — Yellow fluorescence obtained by simultaneous excitation with 2637 and the pair 
3132-3126. Note that it does not rise with the mereury stream. 1 mm. pressure 
Through yellow filter. 

VIII. — ^Test for 2 metastablo atoms m the rising green fluorescence. Ijocal brightening 

due to Hupplomentary excitation by the violet hue, the blue not being separated. 
Arrow on left, original excitation. Higher arrow on right, supplementary excitation 
1 mm. pressure. 

IX, a. — ^The same, with violet Imo only (blue suppressed). Local brightening seen. 

IX, 6. — ^The same, blue line only (violet suppressed). No local brightening seen. 

X. — ^Test for 2 ‘Pg metastable atoms. Supplementary excitation by the green lino. Shows 

local brightening of the fluorescence, as photographed in blue light. 


A Method of Measuring the Effective Resistance of a Condenser at 
Radio Frequencies, and of Measuring the Resistance of Long 
Straight Wires. 

By E. B Moullin. 

{Communicated by R. V. Southwell, F-R.S. — Received November 10, 1931. — 
Revised April 29, 1932.) 

1 , Introduction, 

When the effective resistance of a high frequency circuit is measured by a 
resonance method, it is usual to find that the resistance exceeds the calculated 
resistance of the coil. Some of the discrepancy may be due to energy loss in 
the condenser, and it is desirable to have some means of measurmg this loss. 
The energy loss in high power condensers is now measured regularly by thermal 
methods and may bo as small as 0*025 per cent, of the volt ampere product. 
But a thermal method is impracticable for the small condensers used in a 
laboratory because the power absorbed would bo less than 0*1 W. 

Most of the energy loss in an air condenser is presumably due to the dielectric 
supporting the plates and to poor contacts between the plates. Dye* has 
developed a very elegant method for measurmg the energy loss in a condenser, 
which presumes that all the loss occurs in the solid dielectric. In his method 
there is a special condenser which consists of two capacities in parallel, and 

* ‘ Proo. Phys. See.,* vol. 40, p. 286 (1928). 
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screened from one another. One portion of this compoimd condenser contains 
the insulating supports for the second portion. Accordingly the second portion 
contains no solid dielectric and is a pure air condenser and is presumed to have 
no loss. This condenser consists of a single circular disc, which may have one 
of three sizes, contained within a cylindrical box ; the plate hangs from a 
metal stem which is supported on quartz blocks contained in a chamber above 
the cylindrical box. The total capacity may be considered to bo in two parts. 
One between the metal stem and the case and having a dielectric which is 
partly quartz and therefore imperfect, the otlier between the circular disc 
and the case and having no dielectric except air and therefore bemg perfect. 
The condenser to be tested can be connected in parallel with the special con- 
denser and its capacity is adjusted to bo ec^ual to that between the circular 
disc and the case. The disc can be detached from the stem and so leave only 
the imperfect portion of the special condenser. The condenser under tost is 
then placed in parallel with the imperfect portion, resultmg m a total capacity 
unchanged by the substitution process. But the substitution has replaced 
a capacity without loss for an equal capacity with loss. The total circuit 
resistance is measured by a resonance method before and after the substitution 
and the difference of value is asenbed to the loss m the condenser under test. 
Smee the special condenser is provided with three different discs the resistance 
of the condenser under test could be measured at three different settings. 

By this method Dye found that the effective resistance of the condenser he 
tested could be expressed as a constant senes resistance together with a con- 
stant power factor m the insulation and a constant shunt resistance. 

A convenient instrumental arrangement has been described by Wilmotte* 
for makmg the necessary substitution of the condenser under test for a con- 
denser which has already been calibrated, say, by Dye's method. Wilmette 
finds that the resistance of an ordinary condenser for use in a laboratory can 
be represented by a constant senes resistance together with a constant power 
factor in the insulation. 

An elegant thermal method has been described by Wilmotte,| m which the 
coil of a resonant circuit consists of a mercury spiral inside a glass tube and the 
thermal expansion of the mercury allowed the coil to act as its own thermo- 
meter. The total resistance of the circuit was measured by a resonance method 
using a measured high frequency current and the reading of the “ coil 
thermometer " was noted. The steady current required to produce the same 

* ‘ J. Soi. Instr.; vol. 6, p. 369 (1928). 

t ‘ Proo. Roy. Soc.,’ A, vol. 109. p. 508 (1925). 
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thermomoter reading was then measured and therefrom the efEcctivo resistance 
of the mercury coH was deduced. The measured and deduced values of circuit 
resistance were then compared and any discrepancy was attributed to the 
effective resistance of the condenser. Wilmotte found that the effective 
resistance of his condenser was too small to be appreciable compared with that 
of his coil, which was about 1 ohm. 

Dye’s special condenser and Wilmotte’s thermometer coil are devices for 
separatmg the resistance of the condenser from the total resistance of the 
circuit. 

Callis* has described a method of measuring the resistance of a condenser 
by the use of two identical coils. The total circuit resistance is measured 
first when usmg the one coil and then when using the second coil. It is again 
measured when using both coils in series but placed relatively to one another 
so that the total circuit inductance is the same as if only one coil was m use. 
It IS assumed that the total coil resistance in the third measurement is equal 
to the sum of the coil resistances in the first two measurements and hence the 
resistance of the condenser can be deduced. The method is not quite sound, 
because it ignores the mutual resistance of the two coils and the change of self 
capacity. 

The method of measurement now to be described separates automatically 
the total circuit resistance into two components, one depending on the coil 
and one depending on the condenser. In this respect it is equivalent to the 
method of Dye’s condenser or of Wilmotte’s coil, but it requires no special 
apparatus except similar coils wound with wire of different materials. The 
simplicity of the necessary apparatus makes the method available for any 
laboratory or works test room. 

The particular application of the method described here gives also a check of 
the skin effect formula for the high frequency resistance of straight wires. 

2. Principle of the New Method, 

The method of measuring the effective resistance of a condenser now to be 
described, depends on providing an oscillatory circuit with a senes of inductance 
coils which are identical in form but arc wound with wires of different specific 
resistance. The total resistance of a resonant circuit is measured when the 
inductance is a coil of copper wire and again when this inductance has been 
replaced by an identical coil of brass or German silver wire. In substituting 


♦ ‘ Phil. Mag.,’ vol. 1. p. 428 (1026). 



119 


Measuring Effective lUsistance of a Condenser. 

one coil for ailother, the only change in the circuit is the specific resistance of 
the conductors, and therefore any losses which are not located in the wire will 
remain unchanged by the substitution. At a given frequency the total 
resistance of the circuit may be expected to consist of a constant component 
due to losses m the condenser and the supports of the coil and a second com- 
ponent which 18 a function of p, the specific resistance of the wire. 

If R„ 18 the calculated resistance of the coil at a given frequency then R, 
the total resistance of the circuit, may be (‘xpected to bo of the form 

K — a + pR„, 

where the constant a rtipresents the effective resistance of the condenser and 
other diclectrui losses, and P is a factor which will dopiuul on the self-capacity 
of the coil ; when the self-capacity effect is small, p will tend to the value unity. 
Smee the relation between R and R„ should be a straight line, a will be deter- 
mined by the intercept on the resistance axis and its value determines the 
resistance the circuit would have if the coil could be made of a material having 
infinite conductivity. 

By varying the form, area and ( onstruction of the coil without changing 
the inductance, it is possible to find what fraction of a is due to the (ondenser 
and what fraction is due to dielectric loss m the supports of the coil. Th(i slop*; 
P of the lino is a measure of tlic amount for which the effective resistance of 
the conductors differs from tliat <*alnilated by Butterworth’s formulse,* which 
are derived on the supposition that self-capacity effects an* negligible. By 
relating the change of p with the form of the coil, it should be possible to 
separate the effect of self-capacity 

Hence this method of procedure leads to a means of findmg the effective 
resistance of a condenser at a given frequency and also the effective resistance 
of the conductors of the coil ; ultimately this leads to a means of checking 
the formulflB for the high frcqu<‘ncy resistance of coils. 

By using sets of coils having different inductances, it is possible to rtdatc a 
with the capacity value at a given frequency and so to find the different factors 
on which a depends. 

The experimental work described here has been mamly directed to estab- 
lishing the relation R = a + pR„. The use of the method to split a into its 
various components has not been the main purpose of this investigation and 
such use as is described in this paper should bo considered subservient to 
the general scheme. Probably the subdivision of a can bo performed more 
* ‘ Phil. Trans.; vo). 222, p. 67 (1921). 
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conveniently by Wilmette’s method, but liw method requires the eUcctive resis- 
tance of the standard condenser to be known ; tliis can be found very simply 
by the method here described. 


3. Characteristics of the Coils used in the Measurements. 

The principle of this method is applicable to coils of any shape and form. 
But since it was desired to establish rigorously the validity of the method, it 
seemed d(‘sirable to choose a form of coil for which the resistance could be 
calculated with great certainty. For this reason the coils must have a form 
for which the effect of distributed capacity can be calculated approximately 
and shown to be negligible in amount. Also the resistance of the cod must 
not be sensitive to small deformations of shape, for otherwise it would be 
difficult to trace the effect of a small imperfection of manufacture. 

Th(‘ coils consisted of smgle turn narrow rectangles, 60 cm. and 89 cm. long, 
in which the spacing between the wires was twenty times their diameter ; the 
ratio of length to breadth of rectangle ranged between 20 : 1 and 3 : 1 according 
to the diameter of the wire, but in most of the experiments it was 15 : 1. 

This form of cod is an approach to a long uniform two-core cable, in which the 
longitudmal distnbution of current is known to be smusoidal, and in which 
the velocity of propagation is sensibly equal to that of free electromagnetic 
waves %n vacuo. Hence if J is the current at the far end of the rectangle of 
length I, the entering current is I = J cos 27rZ/X, where X is the wave-length in 
free space. Assuming that the resistance per unit length is constant and equal 
to R, we have for the resistance loss 



i^R . dx 


2cos*27c//X Jo ' 


4:7ZX \ 

X / 


dx 


( 1 ) 


This formula should give a very close approximation to the apparent input 
resistance so long as I is less than, say, X/10 ; but it presumes the current is 
the same at corresponding points in each leg of the rectangle, and this would be 
true only if the circuit were isolated m space. One ternunal of the tuning 
condenser is connected to the screen case and thus the corresponding terminal 
of the rectangle is at earth potential ; hence it may be a closer approximation 
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to reckon I as the perimeter of the rectangle. Most of the rectangles in my 
experiments were 60 cm. long, and hence the self-capacity correction should 
be between 1 per cent, and 4 per cent, when the wave-length is 30 m. Though 
it may not be possible to calculate the self-capacity correction exactly, it is 
possible to assign superior and inferior limits. Since the current distribution 
will not depend appreciably on the material of the conductor, the self-capacity 
correction at a given frequency will not be changed if a copper rectangle is 
replaced by a similar one of another material and hence the expected Imear 
relationship between R and should not be disturbed by self-capacity 
efEect. 

It can be shown that the loss per unit length of two long conductors each of 
diameter d, spaced apart a distance D, is greater than the loss per imit length 
of one isolated conductor m a ratio which is less than D/(\/D® — cP). In the 
rectangles used m these measurements D/d ~ 20, and so the resistance per 
unit length was moreased by the return conductor by less than 0*126 per 
cent. This increment is so small that the resistance per unit length of a fimte 
narrow rectangle must bo very nearly constant and the end effect will be 
neghgible. Moreover, since the resistance will not be sensitive to small 
deformations of the rectangle, precision of construction is unnecessary. 

The proximity effect will be ignored and the resistance per unit length calcu- 
lated from the formula for the skin effect of an isolated wire ; this is 


where 


Rn/Ro 


\/2Z + 1 , 
4 



( 2 ) 


where R„ is the resistance at frequency n == pl2n, and R^ is the resistance for 
steady currents. The meaning of this well-known formula may be exhibited 
more instructively by writing it in tlio form 





( 3 ) 


All measurements were made at frequencies greater than 3 X 10® cycles per 
second on wires not smaller than 1 mm. radius and the greatest value of p 
was 2 X 10®, so in the worst case the term within the bracket is only 6 per cent. 
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greater than unity. To simplify the plotting of the measurements the term 
within the brackets has usually been ignored and accordingly a linear relation 
should obtam between and Vpnjr, For the purposes of these measure- 
ments the resistance can bo written conveniently in the form 

R« = A/7cRoZn -j- 

where Rq is the steady current resistance of the whole rectangle of peruneter I ; 
here again the term is usually negligible and it is sufficiently accurate to 
plot R against VRo^. The radiation resistance of the largest rectangle is 
0*004 Q at a wave-length of 30 m. ; the component due to radiation resistance 
is negligible in all the experiments. 

4. Method of Measuriiig the Resistance. 

It was impracticable to measure the total resistance of the tuned circuit by 
addmg known mcrements of resistance, because these would have made an 
appreciable change m the circuit mductance ; hence it was essential to deduce 
the resistance of the circuit from the shape of tlio resonance curve. It is well 
known that if an oscillatory circuit consists of a capacity C and an mductance 
L of resistance R, then the ratio R/pL can bo deduced from the fractional 
width of the resonance curve at a known fraction of its maximum height. The 
distuning can be produced by a continuous change either of circuit capacity or 
of impressed frequency ; both methods have been used m the measurements 
described here. 

Since the inductance of the loops was of the order of one microhenry only, 
and since the mtemal inductance of the tuning condenser was known to be of 
the order of 0*2 pH, it seemed possible that the system would not behave as 
a simple inductance in series with a concentrated capacity. But when the 
square of the wave-length was plotted against the corresponding resonance 
values of capacity, the result was an accurate straight Ime between 25*6 m, 
and 90 m., thus showing that the apparent inductance was constant over this 
range of frequency and hence the geometry of the simple resonance curve is 
applicable to the circuit. When the inductance was a rectangle 60 cm. X 4 cm,, 
the slope of the line showed that the effective circuit inductance was 1-0 pH 
and the residual capacity was 7 ppF, of which 5 were due to the thermionic 
voltmeter connected across the condenser and used as the indicator. When two 
similar loops were connected in scries, the apparent total mductance wus 
1*88 pH, from which it follows that the residual inductance of the condenser 
was 0 • 12 pH and the inductance of the rectangle was 0 * 88 pH. The calculated 
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inductance of the rectangle was 0*93 {jtH for steady currents, tending to the 
limiting value of 0*86 [xH for very high frequencies and hence the measured 
value of inductance agrees closely with the calculated value. 

Since most of the circuits had a very sharp resonance curve, distuning by 
capacity must be performed by a vernier condenser in parallel with the main 
tuning capacity. It was found that this usual procedure led to erroneous 
measurements, and great labour was expended m locating the cause of the 
error. One cause is the internal inductance of the main condenser ; the effect 
of this is to make the apparent capacity between the condenser terminals 
greater than the nominal capacity value. Consequently the fractional width 
of the resonance curve obtained by varying the vernier condenser is credited 
with a larger value than it should have ; this effect would become inappreciable 
only if the circuit inductance exceeded about 20 (jlH. 

A second cause of error is due to mutual mductance between the coil and the 
leads connecting the vernier to the mam capacity. This mutual inductance 
induces a voltage in the leads of the vernier which is cophased or antiphssed 
with the voltage across the mam condenser ; the effect of this is to increase or 
decrease the apparent capacity of the vernier m a constant ratio, and so makes 
the apparent width of the resonance curve fictitious. This important source 
of error appears to have escaped notice previously, and is so difficult to eliminate 
that the use of a venuer is practically madmissable, unless it is contained in 
the same screen case as the main condenser. 

The use of a vernier capacity had to be abandoned, and capacity distuning 
could be used only when the resonant capacity and the resistance were such 
that the resonance curve could be plotted by varying the capacity of the main 
condenser. The necessary distuning was produced by changing the impressed 
frequency by means of a vernier condenser attached to the generator, and the 
fractional change of frequency thereby produced was measured by well-known 
methods. Table I shows a comparison between the width of the resonance 
curve measured by frequency change and the width measured by capacity 


Table I. 


Matorial. 

Diameter of wire 

Am. 

JC. 

Equivalent JC. 


j 

mm. 




trman silver 

2 

80 

78 

78*6 

lua 

2 

80 

47 

48 b 

irman silver 

2 

59 

33 

33 4 

ireka 

2 63 

79 

. » 

89 4 
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change, foi four circuits which had a large enough resistance to allow the dis- 
tuning to be naeasured on the main condenser. 

To allow direct comparison between the last two columns of this table, the 
fractional change of frequency is expressed as an equivalent change of tuning 
capacity. Tlie two largest values of AC are necessarily the most reliable, and 
here the agreement is closer than 0*76 per cent. ; for the other two the agree- 
ment IS within 3 per cent. The comparison has been made many times and 
the agreement has always been within 3 per cent. This shows that the same 
resonance* curve is obtained whether the alteration is made m the receiver or 
the generator, and so presumably the circuit has the supposed characteristics 
and the method of measuring the ratio H/pL is valid and reliable. 

The ratio R/pL for a simple circiut can be deduced from the fractional width 
of the resonance curve at any given fraction of its maximum height and, for 
example, it is equal to the fractional width at l/\/2 of the height. Smee all 
the different rectangles of oacli senes had the same inductance the resistance 
of any one is proportional to the fractional width of the corresponding resonance 
curve, and it is more convenient to plot this fraction against R„ than to deduce 
tJie value of the resistance. The ratio R/pL =/ is called the power factor of 
the circuit : since R is composed of two portions, one due to conductor- 
resistance and one due to the effective resistance of the condenser, the power 
factor may be considered to consist of a portion/' due to the conductors and 
a portion /" due to the condenser. The portion /" is given by the intercept 
on the axis of / and this intercept will bo termed the residue power factor ; it 
IS the power factor of the condenser whose effective resistance r" may be found 
from the relation/" == r"pC. 


5. Some Experimental Residts. 

Several series of similar rectangles were made of copper, alummium, brass, 
German silver and eureka wire, and for these materials p had the relative values 
of 1-0, 1*3, 2*05, 3*6 and 5*36 respectively. Curves of /and \/^o^ 
plotted at many frequencies between 10^ and 3*6 X 10® cycles per second and 
the result was always a straight Ime not passing through the origm. Each 
rectangle of a senes had the same diameter of wire ; the diameter of the wire 
was 2*2, 2 03, 6*42 or 9*6 mm. and for each of these D/d was made equal to 
20 ; there were thus four series of rectangles of a given perimeter, each of the 
same inductance, but havmg circuit areas ranging from 240 to 1200 sq. cm. 

It was found that the intercept and slope of the line relating/ and y/p was 
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independent of the diameter of the wire, thus showmg that the residue power 
factor is not a function of the area of the circuit. When this had been estab- 
lished it was more convenient to plot/ agamst pjr (see formula (3)) or/ against 

(see formula (4) ) because this procedure gave more points from which 
to determine the lino. If a line is plotted for rectangles of wire of the same 
diameter, it must be determined from only five points, but plotting / agamst 
VBq/ made ten rectangles available and then, if desired, ten points could be 
used to determine the line. 

The observation pomts in each of figs. 1 and 2 refer to rectangles of the same 
perimeter and inductance but not necessarily having the same diameter of wire. 
Fig. 1 shows/ plotted against V rectangles with a perimeter of 120 cm. 



Fig. 1. — ^Reotangles 120 cm, perimeter at 76 m, Cq — 1660 ppF. 

at a frequency of 4 X 10® cycles per second (X == 75 m.) ; the ten observation 
points lie close to the straight line which cuts the axis where / = 0*35 per 
cent. At this frequency the residue power factor is accordingly 0*35 per 
cent, and presumably this is the power factor of this condenser at this frequency 
when the capacity is 1600 (xpF.* 

Corresponding lines for frequencies of 3*34, 3*76, 6-0 and 8*7 k.c./s. are 
plotted in fig. 2. The residue power factor at X = 80 m. is much greater than 


* In figs. 1 and 2, Rg is measured m mO and I in oentimetreB. 
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that for the three other lines, because part of the tuning capacity had a 
dielectric of mica ; this effect is discussed below. 



Fio. 2. — Rectangles 120 cm. perimeter. 

Kg, 3 shows corresponding lines for copper, brass and German silver root 
angles 183 cm. perimeter at frequencies of 8-75 and 0*1 k.c./s. 


Fio. 3. — ^Rectangles 183 om. perimeter at X « 49 m. and 34*0 m. 

Kg. i is derived from figs. 2 and 3, and shows the total resistance of the 
circuit plotted against \/p/r at a frequency of 8*76 k.c./s. for rectangles of 
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120 cm. perimeter and for rectangloa of 183 cm. perimeter. If the coil resistance 
is proportional to the length of the wire, then the slopes of these two hnes should 
be in the ratio 183/120 = 1-52, whereas m fact they arc in the ratio 1-51. 
The self-capacity correction for the longer loop is more important than for the 
shorter, usmg formula (1) and reckoning I as the perimeter, this correction 
should be 7-4 per cent, and 3-2 per cent respectively Accordingly the slopes 
should be m the ratio 1 *62 X 1*042 = 1 *58, and clearly they are not in this 
ratio. If 1 18 taken equal to half the perimeter, the slope should be in the ratio 
1*62 X 1*01 = 1*53, and this agre<»s with experiment within the limits of 



Fio. 4. — -A, 183 cm. rectangle; \\ 1120 cm, roctangli* X - 34 5 m — 220 (i[xF 

or Cp = 330 |JL|jlF. 

experimental error. Thus it seems that the upper limit for the self-capacity 
correction is considerably too large. Figs. 1, 2 and 3 establish the fact that at 
a given frequency the total resistance of a circuit consists of a portion which is 
independent of the coil and a portion which depends on the speciho resistance 
of the wire. Fig. 4 establishes the fact that the apparent resistance of these 
rectangular coils is proportional to the length of wire. 

6. Comparison beltseen the Calculaled and Measured Eesistarm of (he 

Conductors. 

Having thoroughly established the linear relationship between R and R„ 
and disposed of the self-capacity correction, we are now in a position to make a 
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further check of the method by proving that the constant p in the relation 

R = a + 

is unity ; if ^ turns out to be unity we have also made an experimental check 
of the skin effect formula, which is quoted in equations (2), (3) and (4). 

Fig. 6 shows the measured resistance of the circuit plotted against the calcu- 
lated resistance for four different frequencies ; the result should be straight lines 
of unit slope not passing through the origin. 

0 


0 


if'lG. 5. — A, B and C, 120 om. Tectangles at X 34*6, 75 and 60 ra. respectively ; D, 183 om. 

rectangle at X » 104*6 m. 

The lines in fig. 6 are drawn with unit slope and are not drawn through the 
observation points ; but it will be seen that the observation points do lie very 
close to the straight line of unit slope. This is particularly well exemplified 
for wave-lengths of 60 m. and 104 -6 m. In general there is a strong tendency 
for the best lino through the points to have a slope of about 1*05, but since 
there are examples where the slope is unity, it would seem that such discre- 
pancies must be attnbuted to some small error in the system of measurement 
which sometimes is present and sometimes is not present. The extreme difficulty 
of measurements of this precision will be well understood by those accustomed 
to make measurements at frequencies higher than 4 M.C./8. There is some 
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cause, not yet fully understood by the writer, wliich gives a tendency for the 
line to be too steep without producing a tendency for the points to depart 
from the line. 

The magnetic permeability of all the materials has been assumed to be unity 
m this discussion, but if magnetic impurities made the permeability 1 -1, the 
high frequency resistance would be increased by 5 per cent. The susceptibility 
of all the 2 mm. wires was measured and the German silver had the greatest 
value, which was 8*7 x 10^® ; hence there is nothmg to suggest that the high 
frequency resistance should have a value higher than that calculated from 
formula (4) The discrepancy between the measured and calculated slope of 
the line connectmg / and was for a long time so universal that it seemed 

as if the effect might well be real, and might possibly be due to the surface skin 
of the material having less conductivity than tlie cure. At high frequencies the 
depth of penetration is very small and it may 1h* calculated that 87 per (!ent 
of the loss m copper at a frequency of 4 M v /s. occurs in a surface skin of thick- 
ness 0-025 mm. , therefore the material just near the surface is all important 
to the high frequency resistaru-e ft was thought that the process of drawing 
the wire might possibly produce a hard skin which had less conductivity than 
the core, and that this might be removed by careful annealing. Accordmgly 
a Eureka re<;tHngle was thoroughly annealed by bringing it to a dull red heat 
by means of an el(‘ctric l urrent But the circuit power factor after annealing 
was within 1 per cent of tliat before annealing. 

Although many of the experiments suggest that tlie conductivity of wires is 
slightly less for high fn*quen(;y currents than for steady c*urrcnis, yet there is 
also considerable evidence to show that there is no difference. Having regard 
to the improbability of any appreciable difference, and also to the extreme 
difficulty of the measurements, it seems right to give more weight to those 
experiments which agree with calculation than to the larger number of experi- 
ments in which there is a small discrepancy between the measured and 
calculated values. 

7. The Retsidite Power FaHoi. 

The residue power factor was determined at several frequeu(!ie>! from the 
intercept of hues such as those shown in figs. 14 It was also determined by 
measuring the total power factor of the circuit consisting of the condenser 
and the rectangle of cupper rod 9*6 mm. diameter and subtracting from this 
the calculated power factor due to the conductor resistanci*. With this rect- 
angle the calculated power factor duo to the conductor resistance was always 


VOL. oxxxvir — A. 
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only about 20 per cent., of the total, so the difference should not b‘ very 
sensitive to small errors of measurement. 

The tuning condenser had a range of 60-1100 (X(xF and within the screen 
case there was a fixed mica condenser of 1000 capacity which could be 
connected in parallel with the variable portion. So it was possible to measure 
the residue when the capacity was 1100 |Ap.F of air condenser and also when it 
was 1000 [X[xF of mica dielectric together with 100 (i|xF of air. With the 
rectangles of 120 cm. perimeter, this occurred at a wave-length of 02 m. ; for 
all longer wave-Jengflis the dielectnc was partly air and partly mica. 

A line similar to those shown in the figures was obtain'd at 62 m. wave- 
length by using the four rectangles of wire 2 mm. diameter ; when all the 
dielectric was air the residue power factor was 0*33 per cent., but when 91 per 
c^nt. of the capacity had a mica dielectric the residue was 0*63 per cent. The 
increment of 0*3 per cent, must be due to the mica condenser. The same 
difference of residue was obtained when the rectangle of 9*6 mm. rod was used 
as the coil. 

Fig. 2 shows that the residue power factor for these circuits is substantially 
independent of frequency, but it may still be asked why this residue should be 
attributed to the condenser. 

It has been seen that the residue can be imjreasod by 0*3 per cent, by 
substitutmg a mica condenser for an equal capacity of air dielectric, a change 
which was performed by closmg a light switch and revolving the spindle of the 
air condenser ; therefore the change was definitely due to something within 
the screen case of the condenser. A thermionic voltmeter was connected across 
the condenser, but the addition of a second one in parallel showed no appreciable 
increase of residue power factor ; the residue therefore cannot be attributed to 
the voltmeter. Also a variable condenser was connected in parallel with the 
voltmeter, and close to its terminals ; when this capacity was at least five times 
that of the voltmeter the residue was the same as when tluj voltmeter alone 
was present. Evidently then the indicatmg instrument is not the cause of 
the residue, which accordingly must be attributed to the condenser. If the 
loss m the condenser is due to the insulating bushings, this loss should become 
relatively more important as the air capacity is reduced. 

We will now consider the probable structure of the residue power factor and 
residue resistance. Both Dye and Wilmotto have shown that the effective 
series resistance of a condenser tends to have a constant port ion r wheh is due 
to imperfect contact between neighbouring plates. The capacity of a variable 
condenser may bo considered to consist of a fixed capacity G' which has 
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dielectric loss from the supporting insuluiors, m parallel with a variable portion 
which has no dielectric loss If the power factor of the insulation is thou 
R„ the eflEective series resistance* when the capacity is C and the frequency is 
n = i)/27t, 18 given by 

K, ^ > f- f 

It IS common experience that is roughly independent of frequency and we 
shall expect to find a linear nslationship between Rg and 1 /pC*. 

Fig. 6 shows the observed values of K, plotted against 10®/nC^, where n is 
the frequency in M.c./s. and C is the eapacuty in The five points he 

close to the straight line whose equation is 

U, 0 * 0 r> + 10«/llC2t?. 

Assuming that C' is of the order of 20 [xp.F, then <l>\ the power factor of the 
ebonite insulation, is about 2-0 per cent Fig 6 covers a range of wave- 



Fig 0. 

length from 34 to GO m. and a range of capacity from 220 to 1000 fjqxF. The 
constant senes resistance is of the same order as that found by Wilmotte, but 
the power factor of the ebonite considerably exceeds his values. 

When the fixed mica coud<‘iisex of capacity 1000 (jl[xF is in parallel with the 
air variable condenser, the relation of apparent senes resistance to total capacity 
and frequency is shown m Table IL 

There seems to b<i no simple function relating these quantities. But since 
at 4*75 M c./s. the total power factor of the circuit was 0*33 per cent, without 
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Table II. 


n 111 M c /a. 1 

1 

Total capacity. 

1 

Ks m Q, 

\ 

2 Htl 

2030 

0 065 

3 75 

1880 

0 080 

4 0 

ISWI 

0 11 

4 75 

1100 

018 


the nuca condenHcr and 0-63 per cent, with the mica condenser, it is clear that 
the construction of this condenser must have been quite unauited to these 
frequencies. It is absurd to attribute so largo a power factor to dielectric 
loss in the mica and it is scarcely worth while to analyse a loss which must 
have been duo to luisui table construction. The process of measurement shows 
at once that this mica condenser is quite unsuited to high radio frequencies , 
as the condenser was contained in a sealed case, the method of connection to 
the mica condenser was not investigated. 

Figs. 1 and 2 show that at frequencies of the order of 5 M c./s., the power 
factor of an ordinary high-grade condenser is more than half the total power 
factor of a copper circuit. Consequently the design of the coil is not ot as much 
practical importance as the design of the condenser. However, it is easy 
to obtain a circuit power factor of 0*5 per cent, at a frequency of 6 M c./s., 
whereas considerable skill is required to obtain this power factor as a frequency 
of, say, 600 k c /s. 

In fig. 7 is plotted the residue power factor of a circuit in which the coil was 
a rectangle of 120 cm, perimeter ; the figure covers a range of wave-length from 


1*01 




0^ 



30 to 80 m. The sudden discontinuity when C == 1100 (xtxF is duo to sub- 
stituting 10(X) |X|jlF of mica condenser for the same capacity of air condenser. 
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Between 200 and 1100 (ji[jlF the residue power factor is sensibly constant. 
According to the expression derived for the equation connecting / and C 
should be 


1 /C 0-57 

2 X 10* ^ L C ’ 


where C is in [xjiF and L in [jlH. For this circuit L = 1 (xH, and substitution 
will show that / should remain sensibly constant for values of C between 200 
and 1100, with an ill-defiucd minimum when C = 700. 


Summary 

The resistance of a high frequency circuit usually exceeds the calculated 
resistance of the inductance coil and the discrepancy is often attributed to the 
condenser. This paper describes an experimental method of separating the 
total resistance into a component due to the resistance of the conductors of 
the coil and a component which is independent of the coil. The method con- 
sists in using similar cods wound with wires of different specific resistance and 
in plotting the measured resistance of the circuit against the calculated resis- 
tance of the cod. The result is found to be a straight Imo not passing through 
the origin, thus showing there is a component of resistance which does not 
depend on the conductivity of the wire m the coil ; the intercept on the 
resistance axis shows the resistance of the condenser at the frequency in use. 
The slope of the line gives a measure of the amount by which the true resistance 
of the coil exceeds the calculated resistance and this can be used to examine 
the self-capacity correction. 

The manner in which the resistance of a condenser depends on frequency and 
capacity can be studied from the intercepts given by a family of such lines. 
An example of such an analysis is given, and it is found that the condenser 
tested has a constant series resistance and a constant power factor in the 
insulation. 

The coils used for the experiments were long, narrow rectangles, and for 
such the skin effect formula for a long straight wire is applicable without modi- 
fication. For frequencies between 3 and 10 million cycles per second the 
measured resistance of a wire agrees with the calculated value. 
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Electrolytic Valve Action and Electrolytic Rectifiers. 

By Edoar Newbery, D.So., F.I.C., University of Cape Town. 

(Communicated by Lord Rutherford, F.R.S. — Received December 11, 1931.) 

[Plates 7-9] 

IntrodwAory. 

The theories of electrolytic valve action and electrolytic rectification of 
alternating currents are at present m a somewhat unsatisfactory state, several 
conflicting theori(*s having been put forward recently. 

Schulze* snggesU'd that valve action is caused by an insulatmg skin of 
ultra-molecular thickness with a thin layer of gas within it. This theory is 
now generally discredited. 

Muller and Konopickyf suggest that in the case of aluminium, a layer of 
negatively charged hydroxide gel is formed, and this is pressed against the 
metal, squeezing out the electrolyte when the aluminium is the anode, the 
process being reversed when the alumiiuum is the cathode. It appears 
impossible to imagine this process occurring with sufficient rapidity 
to rectify an altematmg current with a frequency of 60 or more per second. 
The heat developed at the electrode surface would be far greater than is ever 
found in practice, and the work to be desenbed in this paper shows this theory 
to be untenable. 

Pietenpol and FreisenJ: suggest a double layer of aluminium oxide and 

hydroxide, the hydroxide actmg as a semi-penneable membrane to certain 

ions. The accumulation of negative ions in the double layer is supposed to 

account for the high resistance and for the counter e.m.f. observed. This 

appears to be a much more possible explanation of the observed phenomena. 

The idea of the formation of a semi-permeable membrane was put forward 

independently by the present author in the same year in a communication to 

the Royal Society of South Africa and later published in a paper on the theory 

of electrodes § It is doubtful, however, if the formation of hydroxide plays an 

essential part in the process, or whether the presence of such a double layer U 

0 

* ‘ Traiu. Faraday Soo.,’ vol. 0, p. 266 (1013). 
t ‘ Z. Phya. Chem.,’ vol. 141, p. 343 (1020). 
t ‘ Phys. Rev.,’ vol. 33, p. 277 (1020). 
il * J. Ainer. Rlectroehem. Soc.,’ vol. 68, p. 187 (1030). 
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not to be looked upon as a secondary effect to be avoided as much as possible. 
This point was investigated in the course of the present work. 

Lilienfelt, Appleton and Smith* treated the formed aluminium anodes as 
condensers and investigated the change in rate of leak imder various con- 
ditions. Tliey concluded that the observed deterioration of the condenser 
during idleness was not due to loss of oxygen or oxide from the anodic layer 
but to a re-arrangement of the molecules previously oriented in this layer by 
the electric field They also concluded that conduction through the layer 
occun'ed by the passage of electrons from molecule to molecule. This ascrip- 
tion of metallic conductivity to uhiininium oxide or hydroxide appears 
improbable. 

In the course of a discussion on the above paper, Coulter stated that the 
hardness of the anodic film on aluminium in immediate contact with the 
metal 18 50 times that of the outer surface la)er and 70 times that of the metal 
itself. 

Ill view of the differeiKos of opmioii shown by these workers, it was decided 
to attempt the application of the cathode ray oscillograph to the solution of 
the problem, since this apparatus has proved itself of great value m the study 
of other forms of electrode phenomena. t 

Expennu^ntal. 

The essential parts of the apparatus used are shown in hg 1. Owing to the 
complicated nature of the complete apparatus certain parts {e g , the filament, 
high tension battery, motor, etc.) liave been omitted in order to simplify the 
diagram, but a complete diagram of the oscillograph coimections has been 
shown in a previous communication (kxj. c^/ ). The present apparatus differs 
from that previously used for over-voltage work in several important respects : — 

(1) The double commutator C is arranged to leverse the current through 
the experimental cell E, giving the effect of a rectilmear alternating 
current when the cell is replaced by a metallic resistance. 

(2) No standard electrode is used in the cell E, and no standard cells are 

used for marking potential points on the photographs 

(3) By means of the mercury cups a, 6, .. A, the current could be passed 
either directly through the coll E whilst the electrodes were connected 

* ‘ Trans. Amer. Elcctrochem. Soo.,* vol. 58, p. 285 (1930). 

t‘Proc. Roy. Soc..’ A, vol. 107, p. 480 (1925); vol. Ill, p. 182 (1926); vol. 114, 
p. 103 (1927) ; and voK 119, p. 080 (1928). 
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to the deflecting platen of the oscillograph, thus giving records of the 
voltage changes at the electrodes, or through the deflecting coils DD 



and then through the cell E, thus giving ri'cords of the current changes 
through the cell. 

(4) Since voltages up to 24 volts were used, and the currents through the 
coils DD were from 25 to 1000 milliamperes, the deflections of the 
cathode ray were so great that a thermionic valve was not needed. Two 
pairs of coils, 240 and 30 turns respectively, were employed, the latter 
for studying the effects of very high cunx'nt densities, but all the 
photographs here shown were obtained with the use of the larger coils 

(5) The previous arrangement for the horizontal deflection of the cathode 
ray, although very suitable for commutator speeds of the order of 
200 per minute, was not suited for the speeds of the order of 1200 per 
minute used in the present work. 

Two different devices were utilised for this purpose. The first consisted of 
a discarded motor car magneto which was rewound with 32 gauge wire and 
fitted with a two-part commutator with adjustable brushes. The small gear 
wheel of the magneto (40 teeth) was fitted to the spindle S of the commutator 
C, and the large gear wheel (80 teeth), was fitted to the spindle of the magneto. 
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When the bnushes were adjusted m a position at right angles to that usual for 
continuous current, and connected to the vertical deflecting plates of the 
oscillograph, the spot was drawn horizontally across the screen with a fly-back 
motion, once for every revolution of the commutator. The motion near the 
centre was fairly uniform and the length of the line thus drawn could be 
adjusted by means of a variable shunt connected across the brushi's. The 
first six photographs, figs, a to /, Plate 7, were obtamed with this apparatus. 
The disadvantage of this method lies in the fact that although it gives excellent 
representation of the behaviour of the electrodes when the current is reversed 
in one direction, it does not sliow the behaviour on reversal in the other direction, 
unless the current through the whole apparatus is roveTsed and a separate 
photograph taken. 

In order to remedy this defect and obtam both effects on one photograph, 
a smaller gear wheel (20 t(‘cth) was fitted to the spindle S, but this proved 
unsatisfactory as the speed of th(* magneto was now too low to produce a 
suitable horizontal deflection Th(* device shown in fig. 1 was therefore 
< onstructed (1 represents a pair of gear wlieels, 2 to 1 ratio, with an ebonite 
cylinder Y fitted on the same spindle as the larger gear wheel In the circum- 
ference of this cylinder, a narrow brass bar was embedded and two platinum 
tipped brushes, pressing against the cylinder, were elee.tncally connected by 
the brass bar, once in each revolution. By tlu.s means, the condenser X (3 
inicro-farada) was charged from battery B 2 (36 volts) and allowed to leak 
through the resistance R (20, (KW) ohms) once for every two revolutions of the 
commutator, thus drawing tlie cathode ray across the screen at half the speed 
obtained with the magneto device The remaining photographs, g to p, were 
obtained in this way. 

The rest of the apparatus needs little comment. The main battery was 
24 volts, the potentiometer P, 90 ohms, the ammeter A, a three-scale instru- 
ment readmg from 0-1 millianipere to 1*2 ampere, and the voltmeter V, a 
high resistance (150,000 ohms) mstrumeiit reading from 0*3 to 36 volts. 

For the estimation of rectification efficiency, a second ammeter was intro- 
duced between the points a and 6, and its readmg compared with that of A. 
Both ammeters were for direct current only. 


Remits 

The nature of the current supply to the cell may be seen from fig. 2, Plate 9, 
which was obtained by replacing the cell E with a metallic resistance adjusted 
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to give the same current at the same voltage that was applied to the cell with 
platinum electrodes, the curve of which is shown m hg. o, Plate 9. 

The following table gives the data relative to the curves shown in Plates 7 
to 9. In the last column, the letter C denotes that the coils DD were con- 
nected with the cell, thus giving a record of the current changes in the cycle, 
and the letter V denotes that the deflectmg plates of the oscillograph were 
connected with the cell, giving a record of voltage changes. 


Plate, 

Electrodes 

Electrolyte 

Guiront 

in 

imUiampi'res. 

1 

N’oltage 

I.rt 

! Al-l'b 

(NH.).HPO. 

25 

10 


C 

b 

1 •• 

tt 

100 

1 

5 

(’ 

r 

1 Ta-Pt 

H,804 N/1 

25 

10 


G 

d 


tf 

100 

1 15 

0 

C 

t 
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** 1 

25 

1 10 
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J 
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100 

1 15 
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9 

; Bi-Ni 

NaOH N/1 1 

100 

2 

1 

t’ 

A 

* >1 

1 

f 1 J 

100 

' 2 

1 

V 

IT, 1 

1 Al-Pb 1 

(NHJ.HPO, 1 

26 



1’ 

« 


» 1 

100 ' 

' 13 

5 

r 

k 

1 ** 1 

* * j 

99 

25 

10 


V 

1 

1 1 


100 

13 

5 

V 

m 

Sb.Pb 1 

• » ' 

100 

2 

1 

C' 

H 

Bi.Pb 

9 9 

lOU 

2 

4 

c 

0 

Pt Pt 1 

H,SO,N/l 1 

loo i 

1 

2 

G 

P 

** 1 

1 

100 

1 

1 

2 

V 


The lower portion of each curve shows the path of the cathode ray when the 
first named metal is the anode. 

The spot was in all cases drawn from left to right of the photograph. 

The zero line is marked on the voltage curves, except fig. p The lower 
portions of curves a to d and t to j, lie on the zero Ime. In figs </, m, n and o, 
the position of the zero line is indicated by a senes of dots produced by tlie 
small insulating gaps m the commutator. 

It was found that the general character of the (.urves was unaltered by 
variations of the commutator speed between 600 and 1800 per mmute. The 
commutator was therefore rotated at a uniform speed of 1200 per mmute for 
all the photographs shown. All the electrodes were flat plates having an 
exposed area of 1 sq. cm. and were fixed about 1 cm. apart. The surfaces were 
bright and polished to begin with. Iridescent films were formed on the Ta, 
8b and Bi electrodes, but all retained the polished appearance. The backs 
of the electrodes and the leads were coated with paraffin wax. The tempera- 
ture was 18° ± 1°. 
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Disciisstoti of Results. 

The above photographs have been chosen out of a large number in order to 
illustrate the following conditions : — 


Valve action. 

Rectifying actum 

None 

None 

None 

None 

Strong 

Small 

Strong 

Perfi‘ct 


Chemical action Fig. 

None 2 

Strong 0 , p 

Strong m, n 

None a to/, i to Z 


Fig, o shows very clearly the efft‘ct of the chemical action of the deposited 
gases on platinum electrodes in increasing the current at the moment of 
reversal. The extremities of the four parts of the curve are slightly outside 
the print. 

In figs, m and w, the behaviour of Sb and Bi electrodes in ammonium phos- 
phate electrolyte is illustrated These electrodes show very pronounced valve 
action inasmuch as an applied potential of 24 volts will only produce a steady 
current of about 2 milharaperes when they arc anodes, whereas the resistance 
of the cell is 10,000 times less when the current is reversed. Nevertheless 
the curves indicate that little or no rectification of a rapidly alternating current 
occurs, and this was confirmed by including a D C. ammeter in the cell circuit, 
the ciurent registered being less than 0 1 milhampt^re It is therefore neces- 
sary to distmguish between valve action and rectifymg action as two partially 
independent phenomena From the shape of the curves it is evident that 
chemical action at the electrodes is pronounced 

Fig, gy obtained with bismuth and nickel electrodes in sodium hydroxide 
electrolyte, shows a further stage in which indications of rectification are more 
definite. The upper portions of the curve are now nearly horizontal, the slight 
downward bend being due to the slow reduction of bismuth oxide. 

The lower portions of the curve are remarkable, their length being approxi- 
mately twice that included m the photograph, the extremities falling outside 
the oscillograph screen. This indicates a very rapid and violent oxidation of 
the previously reduced bismuth oxide with formation of a film which very 
quickly reduces the current to a small value. In spite of this sudden rush of 
current, the total quantity of current passed is less than that obtained in the 
rest of the cycle and partial rectification of the alternating current occurs, 
but only to the extent of about 6 per cent, of the total current under these 
conditions. It is evident from this curve that the rectification efficiency will 
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be higher if the commutator speed is reduced. This was confirmed by direct 
observation. 

The fact that anodic oxidation of Bi takes place more rapidly and com- 
pletely than cathodic reduction of the oxide is further shown by the formation 
of an oxide coating on the Bi electrode when alternating current is passed. 

As a consequence of this, a clean Bi electrode will at first allow a larger 
current to pass when this electrode is positive than when it is negative. As the 
insulating film increases in thickness, the rectified current falls to zero and then 
again increases m the reverse direction 

The ongmal inverse rectification is more easily observed in ammonium phos- 
phate electrolyte than in alkali. 

A zinc electrode m ammonium phosphate electrolyte gives oscillograph 
curves very similar to those obtained with Bi in NaOH. 

In figs. aiod,% and the whole character of tlie curves is completely changed. 
The lower portions of the curves are now horizontal straight lines lying on the 
zero line, indicating the absence of all current and all chemical action. The 
upper portions are now sharply rismg to a constant yalue instead of fallmg as 
in the previous cases. It is therefore very improbable that any chemical 
action is oexjurring at these points since such chemical action woidd tend to 
assist the current, specially at the instant of reversal, and would therefore 
bend the curves m the opposite direction. This absence of any assisting 
chemical action is partly responsible for the greatly increased resistance of 
the cell when true rectification occurs, but the source of the greater part of this 
increase must be located on the surfaces of the A 1 or Ta electrodes. This 
subject will be discussed later. Substituting Ft for Pb in the ammonium 
phosphate electrolyte, or for Ni in NaOH, or replacing Pt by Pb in the H1SO4 
electrolyte had no effect upon any of the curves here shown. Also the curves 
obtained with Al-Pb or Al-Pt in a saturated borax-boric acid electrolyte were 
identical with those shown for the ammonium phospliate electrolyte. 

A “ dry rectifier composed of a copper plate covered with powdered native 
liornite m contact with a plate of surface-oxidised magnesium was also tried 
and gave curves similar to figs. j, but the current was very irregular, appar- 
ently due to sparkmg at the numerous contacts. This subject will be studied 
further. 


Theory of Electrolytic Rectification. 

It is evident from the work described that whereas a rectifying electrode 
must of necessity show valve action, it by no means follows that a valve 
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electrode need show any appreciable rectifying action. The stoppage of the 
current by a valve electrode when it is anode is undoubtedly due to the forma- 
tion of an insulating compound of the metal of the anode with the anion or 
some part of the anion, this compound being insoluble in the electrol3rte. 
When the current is reversed, cations (usually H) must be deposited on the 
metal of the electrode before they can be discharged and thus allow current to 
flow, but before they can reach the metal they must first pass through the 
anodic film already formed. This film must therefore act as a semipermeable 
membrane, permeable to hydrogen ions but not to the larger anions present. 

Now if this ano(bc compound (usually the oxide) is reducible by the discharged 
H ions, chemical action will occur, gaseous hydrogen being prevented from 
forming m quantity sufficient either to produce transfer resistance or to set 
up any appreciable back e m f When the current is reversed, chemical action 
Will again occur, namely the re-oxidation of the metal surface, allowing a 
considerable quantity of current to pass before the insulating film has become 
thick enough to stop it Under such conditions, little or no rectification of an 
altematmg t iirrent occurs unh'ss the frequency is very low. At the same time, 
the effective electrical resistance of the cell will be low Antimony, bismuth 
and zinc electrodes m suitable electrolytes, behave m this way. If the anodic 
compound is not reducible by the discharged H ions, no chemical action can 
occur after the continuous semi-insulating film has formed. Hydrogen gas can 
now accumulate on the valve electrodi* and oxygen gas on the other, and these 
gases cannot be removed electrolytically from either, owing to the blocking 
of the current m the necessary direction by the inability of the large anions 
to penetrate the film on the valve electrode. Transfer resistance will therefore 
be in evidence at both electrodes, over-voltage phenomena will appear, and the 
back e.m.f. due to the gases on the electrodes will also oppose the flow of 
current. There is, however, another factor which may have as great an effect 
in raising the total effective resistance of the cell as all three of these factors. 
When the large anions strike the membrane and arc unable to penetrate it, 
there must be a powerful hammering action tending to close up the pores of 
the membranes so much that the number sufficiently large to admit a H ion 
will be considerably dimmished. When the eurreiit is reversed, somis of these 
pores, the walls of which have been m a state of stram, will open out ; others 
will be opened further by the stream of H ions entering and by the discharged 
gas escaping. The former process will occur very rapidly, the latter more 
slowly, but both will increase the available area for the deposition of H ions 
and lower the total resistance of the cell. The effect of the former process 
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which IS really due to the natural elasticity of the film, is well shown by the 
sharply rising portions of the curves in figs, a to tL The effect of the latter 
process is not evident from these figures as the time interval is too short, but 
IS readily observed if the coraniutator is stopped in the valve electrode-cathode 
position. This was done after takmg photograph 6, and the voltage needed to 
maintam a current of 100 milliamperes fell from 13*6 to 6*0 in the course of 
30 seconds. 

It is obvious from this theory and from the appearance of the curves that 
an increase in tlic frequency of the alternating current should increase the 
apparent resistance of an electrolytic rectifier. This was tested with an Al-Pb 
pair m ammonium phosphate electrolyte, and it was found that change of 
commutator speed from 900 to 1800 revolutions per minute increased the 
apparent resistance by 7 per cent. 


Composition of the Rectifying Film. 

Most of the theories quoted in tlic introduction to this paper assume the 
presence of aluminium hydroxide in the rectifymg film on an A1 electrode. 
In order to test this, a polished AI electrode was heated to dull redness and 
then cooled in a desiccator to ensure a coating of oxide only on the surface. 
I’liis was then fitted up m the apparatus in such a way that the last electrical 
connection was made by the immersion of tlie aluminium m the ammomum 
phosphate electrolyte. Rectification was instantaneous and perfect. 

Other electrodes were cut from a polished aluminium sheet and treated in 
the same way, with and without the preliminary heating, and the results 
obtained were identicJil in every case, the electrodes remaming bright and 
quite unchanged in appearance after use We arc therefore bound to conclude 
that it is an oxide and not a hydroxide film which is responsible for electrolytic 
rectification, and further that this film is already present on a bright aluminium 
sheet which has been exposed to the atmosphere. Also there appears to be no 
orientation of the molecules of the film by the electric field as postulated by 
Lilienfeld, Appleton and Smith. The so-called “ formation '' of an aluminium 
i‘lectrode for rectifying purposes is therefore quite unnecessary if bright Al 
IS used, at least for the comparatively low voltages (24 volts) used m this work. 
For higher voltages, some thickening of the film may be necessary. 

In order to examine the formation of the electrode as usually carried out, 
the surface of a used electrode was roughened and the original film destroyed 
by rubbing with fine emery cloth. On connecting up with the apparatus, the 
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series of changes roughly illustrated in fig. 3 was observed. As the whole 
Si*ries only took about 30 seconds to complete, it was not possible to obtain 
suitable photographs, but the sketches will give some impression of the gradual 
diimnntion of chemi<'al action and stoppage of the current when the Al is the 
anode, due to the re-formation of the oxide film. 


\ 


\ 




2 


I 


Viu ;i 

It is probable therefore that the deterioration of an aluminium electrolytic 
condenser studied by Tiilienfcld, Appleton and Smith {loc. ciL) is due to the 
slow hydration of this oxide film expanding it, rendering it less adherent and 
more porous, and thus exposing the underlying metal to further chemical 
action. The greater hardness of the layer next to the metal observed by Coulter 
(loc, dt,) IS due to this layer being compo.sed entirely of oxide whereas the outer 
layers are more or less hydrat(‘d. The presence of hydroxide is therefore a 
marked disadvantage, as it increases the resistance of the cell and reduces 
the condenser capacity without contributing to the rectifymg action. An 
electrolyte which would jirevent or lander this hydration would therefore 
improve the life and action of an aluminium rectifymg cell or electrolytui 
condenser. Possibly the addition of a very soluble and hygroscopic solute 
or the use of a non-aqueous electrolyte might effect this. 

The TafUalum Rectifier, 

This needs but little comment. Its action appears to be exactly sirmlar 
to that of aluminium, its rectifying action being nearly perfect. Rotating 
the commutator by hand shows that even after long cathodic treatment, when 
the current is reversed, it drops to zero in about 0*01 second. After anodic 
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treatment, the cathodic current requires about 20 to 30 seconds to rise to its 
nuixunum value lor a given voltage, this value being about double that obtain- 
able with rapid alternations at the same voltage. 

Determining Faciorh for Electrolytic Valve Action and Ratifying Action. 

For an electrode to show valve action, the following conditions must be 
fulfilled 

(1) The compound formed by the anodic action must be a good insulator. 

(2) This compound must adhere closely to the electrode. 

(3) The compound must be insoluble in the electrolyte pr(*sent. 

(4) The film thus formed must be permeable to hydrogen ions but not to 
the anions present. 

If the electrode is to show rectifying action, it must have all the above 
properties and in addition- 

(5) The anodic compound must be irreducible by elect jolytic hydrogen, 
and not further oxidisable by discharged anions 

Only a few electrodes can be found to fulfil the first set of conditions and 
fewer stil^ to fulfil the last. With regard to condition (1), so many of the 
anodic oxides are electronic conductors that passivity is much more common 
than valve action, and it is even possible to convert a rectifying electrode into 
a passive electrode by anodic oxidation. A magnesium electrode which has 
been heated m the air until it is well covered with a hard film of oxide, when 
placed in a NaOH electrolyte with a subsidiary nickel electrode gives very 
good rectification of an alternating current for a few seconds only, the oscillo- 
graph record resembling fig In a short time, however, a series of changes 
similar to those shown m fig. 3 proceeds backwards, and the curve finally 
resembles fig. o. On stopping the commutator with the Mg as anode, oxygen 
is freely evolved from the now passive Mg electrode. The insulating MgO 
has apparently been oxidised to some higher oxide which has electronic 
(‘onductivity. 

Condition (2) is more often fulfilled than (J ). Silver, mercury, and tin anodes 
m a sodium hydroxide electrolyte afford examples of loosely adherent anodic 
deposits, but most anodic oxides adhere to the electrode very strongly. 

Condition (3) with suitable choice of electrolyte, can be fulfilled with nearly 
all the metals except those of the alkalies. 



Newhrrti, 

Ph)C Rntj Sor J rol \lll PI 7 





n 

h 


r 



r 

<1 

i* 

f 

1 1 <ii inif /) 1 4-1 



Scirhei y. 

Ptor Rotf Snr , .1, ml l.'H. PI 



/ * 


!/ 

h 



f 

1 

— - 


— - 


k 

1 



NnrlHn'}!, 

Pfor Untj. Sac .1 roJ 137 PI J) 

\ 


^ / 


/// 

)i 

. ^ 

^ \ 


0 

l> 


— - 




Fm 2 




145 


StabilMy of Thin Strip MateriaL 

Condition (4) is fulfilled by all the insulating anodic films so far investigated 
if they adhere to the electrode. 

Condition (5) is fulfilled by the films on aluminium, tantalum, and possibly 
certain other metals not yet investigated. 

Summary. 

The behaviour of various valve electrodes and rectifying electrodes has been 
investigated with the aid of the cathode ray oscillograph. 

Valve action is due to the formation of an adherent insulating anodic film 
which is permeable to H ions but not to the anions present. 

Rectifying action occurs when such a film is not reducible by the electrolytic 
hydrogen produced on it, and is also unchanged by further anodic action. 

The film responsible for the rectifying action of an aluminium electrode is 
the oxide only. Hydration of this oxide destroys its rectifying efficiency. 


Some Tests on the Stability of Thin Strip Material under Shearing 
Forces in the Plane of the Strip. 

By H. J. Gough, D.Sc., and H. L. Cox, B.A. 

(Communicated by R. V. Southwell, F.R 8. — Received January 2, 1932.) 

hUroduation. 

1. The introduction of metal construction for aeroplanes, more particularly 
in relation to the wmg spars, has resulted in a need for some simple test on 
thin sheet metal which will serve to discriminate between desirable and un- 
desirable properties. Hitherto it has been customary to demand some ihinimum 
value of the *‘0-1 per cent, proof load,^’ defined as the tensile stress that 
produces 0-1 per cent, permanent extension. This procedure is, however, 
difficult to justify on rational grounds, because the failure of a metal wing 
spar normally occurs by local buckling in some region where compression 
stresses are operative, and hence it may reasonably be anticipated that the 
^e88~stfain properties in compression are criteria of the suitability of a material, 
as they are known to be in the case of straight struts.* There is no reason to 

* R. V. S<mihwell, ‘ Enguieermg,* Augast 23, 1912 ; A. Robertson, " Selected Engineer- 
ing Report No. 28 of the Inat. C.E.** (1925). 
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believe that enoh properties are revealed the proof stress in tetuion, and 
although it is possible that experience may indicate some degree of correlation 
over a restricted range, some tost of more direct application is desirable. 

When this problem was under discussion by the Aeronautical Research 
Committee, it was suggested by Professor Southwell that a suitable test of 
flat sheet material might l>e made by detennining the intensity of shearing 
stress required to make a long strip of the material buckle by reason of instabihty 
into a waved form The stability of a flat strip clamped at each edge and 
subjected to shearing forces had been discussed by him in a paper written in 
collaboration with Miss S. W. Skan,* so that some notion could be formed of 
the results which might be expected. It was decided that experimental work 
should be initiated with two objectives : — 

(1) To check the conclusions of this theoretical treatment , and 

(2) To investigate the possibility of standardismg some teat of this nature 
as an acceptance test.” 

2 For the attainment of this second aim, it was required that the buckling 
produced should be of inelastic type, since, if the wave form were developed 
elastically, the critical stress would depend primarily on the elastic constants 
and not on any limiting strength property of the matenal. It may be said at 
once that the second objective was not attained, mamly because (apart from 
other objections) the technique of the test proved to be too complicated for 
ordinary specification purposes. The work done under this heading is to bo 
described ('Isowhere, and practical aspects, that is, the appheation of the 
experiments to testing, will not receive further notice m this paper 

3. There remains the question of a comparison of the experimental results 
with the theory of Southwell and Skan (loc. cit ). The present paper discusses 
from this aspect such tests in the series as were made on stnps of sufficient 
width for their critical loads (according to theory) to be within the limit of 
elastic proportionality of the material. 

In the first series of tests, the buckling load was determmed by purely 
visual examination, as the load at which waves were first detected by the 
distortion of images reflected in the surface of the stnp. The results of this 
series of tests suggested the existence of a serious discrepancy between theory 
and experiment, in that the " collapsing loads ” (defined as above), were found 
to be represented by an expression differing in form, as well as in absolute 
magnitude, from the theoretical formula for the “critical load.” Recon- 
sideration of the problem in analogy with other types of test on stability, for 
• ‘ Proo. Roy. Soo./ A, to!. 105, p. 582 (IWi). 



Stability of Thin Strip Material, 147 

example, strut testiug, showed, however, that the expectation of sudden 
buckling at the critical load was not likely to be fulfilled. The lateral deflection 
of an initially bent strut subjected to comprosaive end load increases progress- 
ively as the end load is increased, and an exactly similar phenomenon is to be 
expected in the buckling of a nommally fiat sheet, if initial irregularities from 
the plane of the sheet exist. Such initial irregularities certainly existed in the 
strips tested, and therefore additional tests were made in which the growth 
of the amplitude of waving was measured during the test and plotted against 
the mcrcasing loads. It then appeared that the loads which had previously 
been termed collapsing loads ” had no relation with instability — ^the curves 
relating load and amplitude showing no appreciable discontinuity at such 
points. Within a reatneted range, the form of the curve relating wave-depth 
and applied load was hyperbolic, as theory would suggest ; but in tests on the 
narrower strips, deviation from this theoretical form occurred before any upper 
asymptote, corresponding with the theoretical “ critical load,” had been clearly 
indicated. By analysis of the tlieoretical wave form determined by Southwell 
and Skan, it was found that the deviation from the true hypexboho form coin- 
cided with the attainment by the teasile stresses, due to bendmg at the crests 
of the waves, of a value agreeing closely with the elastic limit of the material. 

4. More recently an attempt has been made to analyse the observations 
of load and deflection, that is, the amplitude oi waving, on the lines of a method 
suggested by Southwell m his note “ On the Analysis of Observations in 
Problems of Elastic Stability.”* According to this method, if S be the mteusity 
of applied shear stress, and w is the maximum depth of the wave, then within 
a range of small, but not extremely small, deflections it may be expected that 
values of ia/S, when plotted against te, will fall on a straight line, and the slope 
of this lino will represent a stress which should be comparable with the critical 
shear stress of theory. Unfortunately, in our problem, the range of readmgs 
over which the hyperbolic relation can be expected to apply is seriously restricted 
by the fact that at small loads the true wave formed is not properly developed 
and the readmgs obtained are somewhat irregular (Southwell, loc, cit ). For 
fairly wide strips, a range of readings sufficiently wide to determine the hyper- 
bola with fair accuracy is usually available, but for very narrow strips the range 
of readings available may be too short for any estimate of the best fitting 
hyperbola to be made. There is, in addition, some difficulty in the actual 
analysis of the readings obtamed ; attention is drawn to this in the Appendix. 
Nevertheless, it may be claimed that the analysis of the tests here described 
* * Proo. Roy. Soo.,’ A. vol. 135, p. 601 (1932). 
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does indicate upper asymptotes of the (wave-depth) — (shear load) curves in 
fairly close agreement with th(» values of the critical load ** which are pre- 
dicted by the analysis of Soutliwoll and Skan. Although the tests which have 
been analysed in this way arc not numerous, it is thought that the results may 
be of interest, as indicating in what direction an explanation may be sought 
for apparent discrepancic^s between Southwell and Skan’s theory and experi- 
ments which have been conducted abroad. Since the appearance of their 
jmper a considerable amount of work has been done in this field, notably by 
F. Bollenrath,* but notwithstanding the care with which experiments have 
l»cen conducted, discrepancies between theory and experiment are reported 
without any attempt to explain them In this paper we have tried to show 
that our sheared strips, although imperfectly flat, did behave as theory would 
predict, until an amplitude of waving was attumed winch can be seen to entail 
failure of thoir elasticity. 

5 Description of Mode of Test , — ^The mode of test adopted in the experiments 
consists m the application to the edges of a long strip of the material of shearing 
forces in the plane of the strip. The apparatus used is shown in figs, 1 and 1(a). 
The strip is rigidly clamped between three parallel pairs of bars, two of the 
pairs being fastened to the edges of the strip and the third being arranged 
midway between them. The central bar is attached to the upper head of the 
testmg machine, whilst the edge bars are connected through links to a plate 
attached to the lower head of the testmg machine. In this way equal loads 
are applied simultaneously to two identical specimens, one on each side of the 
central member ; the edges of the strip are constrained only to remain in the 
original plane of the strip. 

In all the tests in which measurements of wave-depth were made, the ratio of 
the length of the specimen to the free width was 20 ; 1 ; and the regularity 
of the resulting wave systems showed that this ratio gave a close representation 
of the case of an infinitely long strip — ^the theoretical case which it was required 
to reproduce. The boundary conditions at the short edges of the strip are of 
no importance if the strip is long enough to be considered infinite. In some of 
the tests these edges were left free ; but in some of the later tests they were 
clamped between hard-wood blocks, in order to avoid the production of 
locahsed waves at the ends before general waving occurred. With the same 
object, in some of the later tests, the links connecting the edge bars to the lower 
head of the testmg machine were spread-eagled, fig. 1, so that their lines of 

* F. Bollenrath, * Loftfabrifon./ vol. 6, p. 1 (1929) ; S. Bergmann and Reisaner, 
* Z. Metallk./ vol. 20, p. 475 (1929) ; Seydel, ' Luftfahrtfors.,' vd. 8, p. 71 (1930). 
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action passed approximately through the tops of the inner edges of the strips 
under test. This was done with the object of minimising the small bendmg 
moments imposed on the strips when the loads were applied parallel to the 
edge bars — ^bending moments which, by setting up transverse compressive 



stresses m the lower ends of the strips, tended to cause the specimens to collapse 
from the bottom upwards 

G. Theoretical Inveatigations, — A complete analysis of the stability of an 
infinite thin strip subjected to shearing forces along its edges has been given 
by Southwell and Skan {loc cU.)^ They showed that the load (S) per unit 
length of the strip, which will just cause buckling, should be given by the 
formula 

( 1 ) 

where 

E == Young’s modulus of material 

a = Poisson’s ratio of material ^ m any consistent system of 
2h = Thickness of material units, 

26 = Width of strip 

and where A — 22 '18 if the edges of the strip arc clamped or 13*21 if these 
edges are simply supported. 

Since an mfinite length of strip was considered, the wave forms corresponding 
to these buckling loads were necessarily periodic in the direction of the length 
of the strip and the ratio of the wave-length to the width of the strip was found 
to be 1*6 in the case of clamped edges or 2*67 when the edges were simply 
supported. If initial irregularities are present m the plane of the sheet, there 
will in general be a component of the wave form corresponding to the first 
buckling load defined by equation (1) above. If the initial amplitude of this 
component be Wq^ it may easily be shown that the effect of a shear load S 
is to multiply this amplitude m the ratio S/(So — S), Sq being the buckling 
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load. Thm, if simultaneous values of S and w be recorded, they should satisfy 
a relation w 8wo/{So S) and from the experimental pomts, the values of 
Sq and may be determined (Southwell, loc oU,), 

7. Measuretnent of Wave-depth, — The results of the tests in which measure- 
ments of wave-depth were made indicated that a process of gradual waving, 
culminating in elastic failim* m bending at the crests of the waves, was a feature 
of all the tests, Af^cordingly, the only process available for the determination 
of the true buckling load is that based upon the presumed hyperbolic relation 
between the wave-depth and the load, and described by Southwell (Zoc. cit.), 
therefore only those tests in which measurements of wave-depth were made 
could be utilised 

The measurements of wave-depth were obtained in the following way. The 
[)oiuted ends of two rods, rigidly connected by two cross members, were held 
in contact with the surface of the strip, in such a manner that the line joining 
the points was parallel to and midway between the long edges of the strip. 
The distance between the points was adjusted to one-half the expected wave- 
length and a measure of the wave-depth was obtained by recording the tilt 
of a mirror attached to the frame connecting the two pointed rods. Correction 
for tilt of the whole apparatus was obtained from the readings of a second mirror 
attached to the frame of the testing apparatus as close to the tilting frame as 
possible. 

The tests were carried out on a series of strips all 0*0126 inch in tluckness 
and It f, 1, and inches in width ; the length of the specimen tested was 
in every case twenty times the width. The readings obtamed from the 
deflection meter actually represent values of the expression 12,000 w/b. The 
value of the deflection meter reading at each value of applied shear load for 
each strip is given in Tabic I, and in figs, 2 and 3 also, the actual deflection 
meter readings have been used. The actual wave-depth can in any case be 
determined by multiplying the deflection meter reading by 6/12,000. 

8. Analysis of Experimental Resxdts . — In flg. 2, the values of w/S derived 
from these data have been plotted agamst w for each strip and the value of 
Sq has been determined by the best fitting line through the plotted points. 
Two difficulties arise in this analysis ; one of them is of general application 
and is discussed by Southwell; the other is associated with determining 
the best fitting line. In justification of the results obtained a short note 
on the nature of the difficulties is given in the Appendix, together with a 
description of the approximate method of least squares which has been used 
in the determination of the best fitting line. This method has been used, not 
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in the hope of obtaining more accurate results, but with the object of eliminating 
the personal error in judging the best straight line through the experimental 
points. 



Fig. 2. — Determinatioiu of buokllng load from meaaurementa of wave-dopth. 

X Strip DGU, 160 — 1^ inch width {w/S plotted from 0 as zero). 

O Strip DGLI, 167 — IJ inch width (w/S plotted from 10 as zero). 

+ Strip DGLI, 160—1 inch width {w[S plotted from 10 as zero). 

A Strip PGLI, 166 — f inch width (w/8 plotted from 20 as zero). 

Strip DGLl, 164 — | inoh width (w/S plotted from 30 as zero). 

In Table I, the theoretical values of the buckling loads are given, together 
with the values deduced from the wave-depth measurements. The ranges of 
the deflection meter readings that have been used for the determination of 
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Table I. — ^Details of Strips Tested and Measured Values of Wave-depth. 


Roferenoe mark of strip.| 

DQhl, 154. 

DQLl. 165. DQLI. 160. 

DQU, 167. DQLl, 150. 

Width (inohes) 

i 

j 

1 ! 

1 

u 

11 

Ijengtb (inches) 

- - i 

10 

l.% 

20 1 

26 

30 

Thickness (inches) 

0 0120 1 

0 0120 

0 0126 

0 0126 

0 0126 

Theoretical huekhng 
load (tons) 

10 3 

10 9 

8 2 

6 6 

5'4 

Buckling load estimated 
from wave depth read- 
ings (tons) 

i 



11 4 

0 06 

6 86 

6 20 




Shear load 
(tons) 

0 2 

0 

0 

0 

0 

Shear 

load 

(tons). 

0 26 

Wave- 

depth.* 

0 

U 1 

0 

0 


. 

1 

0 50 

1 

0 0 

1 

7 

5 

2 

0 75 

0 

0 8 

() 

0 

8 

A 

1 00 

10 

1 0 

3 

12 

10 

4 

1 26 

12 

12 

i\ 

U 

11 

W 

1 60 

18 

1 i 

K 

16 

14 

0 

1 75 

20 

' 1*6 

10 

18 

18 

11 

2 00 

26 

1*8 

12 

20 

21 

12 

2 25 

31 

20 

10 

21 

24 

n 

2 50 

30 

2 2 

20 

23 

20 

17 

2 76 

48 

2*4 

23 

20 

33 

19 

3 00 

58 

2-0 

27 

1 3» 

40 

22 

; 3 26 

70 

2 8 

30 


47 

25 

3 .60 

00 

3 0 

35 

j 35 

53 

27 

.3 75 

115 

3 2 

30 

j 

02 

32 

4 00 

160 

3 4 

45 

1 

42 

74 

35 

4 25 

195 

3 0 

50 

48 

80 

40 

4'60 

252 

3 8 

57 

52 

104 

! 1 

4 75 

323 

4 0 

05 

1 00 

, 

127 

1 52 

5 ‘00 

401 


* Tho valuea of deflection readins used for determining the critical loads are those inoloded 
between the honsontol linea marked in the table. 
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the critical loads are indicated in Table I ; in every case the rcaduigs corre- 
sponding to very small wave-depths have been neglected (ioc. cU.^ § 10). 

9. Fig. 2 and Table I show that, when analysed in this way, the results of 
tests on fairly wide strips do indicate a definite and close agreement with 
theory ; the values of the critical loads thus determined from the experimental 
results of the tests on the strips DGLI, 160, and DGLI, 167, agree closely with 
the theoretical values and are, moreover, very little affected by shift of origin, 
etc. (see Appendix). In the tests on the narrower strips, the range of points 
available for analysis is so seriously restricted between the initial irregularities 
and the point of departure from linearity duo to the commencement of elastic 
failure, that the value of the critical load is not clearly defined ; m the case 
of the strip DGLI, 156, this restriction was rendered still more severe by the 
relatively great depth of the initial irregularities. Nevertheless, it may be 
claimed that the results obtained do indicate buckling loads in dose agreement 
with the theoretical vdues ; although they must also be regarded as emphasising 
the necessity, in practical design, of combining with a consideration of actual 
stability a consideration of elastic failure consequent upon the initiation of 
buckling. 

10. Effect of the Elastic Limit and of Permanent Waves on the Process of 
Oradual Waving , — In this connection attention may be drawn to a conclusion 
which constitutes perhaps the most definite result of the present tests. By 
calculations based upon the theoretical wave form determined by Southwell 
and Skan, it was found that the tensile stress (p) due to bending at the points 
of maximum curvature of the strip was given by the formula p = 8 • 18 Eh/6* tv, 
where tv is the wave-depth and where E, h and 6 are as defined in § 6. For the 
particular strip material tested, this formula indicates that the stress p will 
exceed the elastic limit of the material, if w is greater than 1-05 5*/A X 10“^. 
The deflection meter readings used for the wave-depth measurements through- 
out the present paper actually represent values of t(?/6, the unit of the scale 
corresponding to a wave-depth of 6/12,000 mches. Thus the actual deflection 
meter reading at the elastic limit should be equal numerically to 2006. 

Three difficulties arise in applying this result to the experimental tests. 
Firstly, since the development of waves was not in general uniform over the 
whole length of the strip, permanent waves would be produced locally before 
the average wave-depth exceeded the critical value. Secondly, the deflection 
meter was not always placed exactly over a crest and hollow of a wave, so that 
the wave-depths recorded did not aways represent the full wave-depth even 
of the one wave. Thirdly, the maximum tensile stress due to bending alone is 
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not the true maximtun tensile stress in the strip, since, in addition to the bending 
stresses due to waving, there is a uniform shear stress in the sheet. In order 
to eliminate the error due to this last cause, it would have been necessary to 
consider wave-depth and shear stress simultaneously, and since this could only 
be done by reference to the experimental results, the process would have been 
somewhat complicated. On the other hand, due to the other two causes, 
permanent waves were formed when the measured wave-depths were well 
below the limiting values theoretically detemuned ; accordingly it was decided 
to consider all three sources of error as acting together to reduce the value of 
the measured wave-depth at which permanent waves were first observed. 

In some of the tests the load was applied in several stages, and between 
each stage the load was removed and then again applied in small mcroments 
up to the maximum load previously attained. In this way a series of curves 
was obtained connecting wave-depth with shear load, in addition to actual 
measurements of the depth of the permanent waves produced. Now, if the 
shear load S is connected with the wave-depth w by a relation w Sioq/(Sq — S), 
where is the initial (average) wave-depth and where 8^ is the theoretical 
buckling load, then the mitial slopes of the S — le curves will represent the 
ratio Wq/8q ; thus, if the value of Sq be assumed, the values of can be 
calculated from these initial slopes. The values of thus determined should 
be equal to the value obtained in the first test (when the elastic limit had not 
been exceeded), plus the depths of the permanent waves produced ; hence, 
if these values of Wq bo plotted against the readings of permanent wave-depth, 
the result should be a straight line, the slope of which should represent the 
ratio of the measured wave-depth to the true average wave. 

This analysis was carried out in the case of one strip (DGLI, 156) and the 
results are shown in figs. 3 and 3a. It will be seen that a good straight line 
was obtained, and that this line indicated a ratio of measured wave-depth 
to average wave-depth of approximately 1 : 2 ’62. Now permanent set in the 
average wave should (according to calculation) have commenced when the 
average wave-depth was about 100 (width of strip = 1 inch), when the measured 
wave-depth would be 100/2*62 = 38. Reference to fig. 2 will show that when 
the recorded wave-depth was 38, departure from the hyperbolic form was just 
commencing. 

Summary. 


The paper aescribes the results of tests on the buckling of long strips of 
material under the action of shearing forces applied along the edges of the strip. 
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The test was designed in the fiist place as an acceptance test for thin strip 
material ; but m the present paper attention is paid only to the theoretical 
aspects of the tests. The buckling load of an infimtely long strip has been 



Fio 3. — Load deflection curves for the stnp DGLT, 156. 


dctcriumed theoretically by Southwell and Skaii, and in the present paper it 
IB shown that, if the eflEect of initial departures from plamty of the strip be 
taken into account, the buckling loads determined by experiment are in good 



Fia. 3a. — ^Determination of ratio of measured wave to average wave by measurement of 
permanent set. (Specimen DGLT, 156.) 


agreement with the theoretical values. This agreement has been demon- 
strated by plotting the depth of the waves produced against the shear load and 
by determining the buckling load on the assumption, which is justified by the 
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experimental results, that these quantities fulfil the hyperbolic relation pre- 
dicted by theory. 
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Appendix. 

on the Analysis of Observations believed to obey a Hyperbolic Law. 

If a series of simultaneous values of two variables S and w are believed to 
obey a law of the form Sw-\-aS-\-lm-\-c = 0, the most probable values of 
a, b and c can be detormmed by estimating their values by any method and 
then by obtaming corrections to these estimated values by the ordmary method 
of least squares. Unless the curvature of the hyperbola is very well defined, 
however, this method is scarcely feasible owing to the extraordinary accuracy 
necessary in the arithmetical working. Tliis difficulty can be avoided if, by 
choosing a suitable origin, the constant o is eliminated, when the method of 
analysis described by Southwell {loc. dL) becomes available ; Southwell has 
pointed out (Zoo. cU., § 10) that by plotting from several different origins, the 
value of 0 can be determmed by choosing that origin which yields the best 
straight line. 

A second difficulty arises if the method of reciprocal plotting, described by 
Southwell, does not indicate any definite straight line ; for the method of 
least squares cannot bo applied directly to the derived quantities (o.j., to/S in 
the present paper). The results obtained in the tests on strip m shear are 
such that some systematic method of determining the best-fitting straight lino 
IS definitely required. Accordingly, the following method has been developed. 

Since the values of the shear load S can be assumed to be without error, it 
is required to choose the constants Sq and so that the sum £ (w — «;')* is 
a minimum, w* and %o bemg the values of the wave-depth as actually recorded 
and as given by the formula w = SwJSq — S respectively. Owing to the 
occurrence of (Sq — S) in the denominator of the expression for (w — w'), the 
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oquations which express the conditions for a minimum valuer of S [(«; — u;')*J 
do not yield simple expressions for Sq. But this difficulty disappears if, 
instead of S [{w' — «?)“], the sum S [{w' — w) w'jw\^ is made a minimum, since 


/ / / f ^ (So — S) , ] 

(w \w : — 1 

W { Sw^n I 


and therefore the conditions for a minimum value of S [(?/;' — w)w'l'w]^Te{l\ice 


to 


y (Sq-S) 

I « r s« 




The justification for this procedure consists in the fact that, for all but the 
smallest values of w* the values of w'/w are all nearly unity ; hence the adjust- 
ment merely results in weighting the lower values of w' somewhat erratically. 
These lower values of w* have very little effect on the final result, but, if for 
other reasons, these values are neglected, even this sounjo of error is eliminated. 

On the basis of the criterion — w) w'jwY to be a minimum, the best 
value of So is given by the formula 


Q 4/1 . 0/0 — 4/0 . 0(1 

® "" 4/2 . 3/0 - 4/1 . 3/i ^ 


and of Wq by the formula 


(4/1)* - 4/0 . 4/2 
4/2 . 3/0 4/1 . 3/1 ’ 


where mjn stands for S w'*"/S". 

The values of the critical load determined from the experimental results 
and tabulated in Table I have been obtained by means of the formula above. 
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Long Wave Transmission, treated by Phase Integral Methods. 

By T. L. Eckebslsy. 

(Communicated by W H. EcoIpb, F R^S. — Received January 29, 1932 — 
Amended April 21, 1932 ) 

Tho effect of a sharply defined upper conducting layer in guiding long wireless 
waves round the earth has been considered by G. N. Watson,* who gives a 
very comprehensive mathematical analysis of this case. 

Recent investigations of the upper Kcnnelly Heaviside layer by many 
invcstigatom m England, America, Germany, etc , leave no doubt that the 
ionised conducting layer m the upper atmosphere is not sharply defined and 
the transition region from zero to maximum electronic density and con- 
ductivity may comprise many wave-lengths of the wave considered. 

For example, in the lower ionised layer (E layer) at a height of approximately 
100 km. the electronic density begins to be appreciable at about 80 km. and 
reaches a maximum at some 100 to 110 km. 

Tho transition distance is of the order of 20 to 30 km, and tho layer cannot 
be considered as sharply defined for any wave-length in the radio range, say, 
up to 25 km, 

Watson’s analysis is not adequate to describe the nature of radio trans- 
mission. It requires extending to cases of ill-defined layi^rs. The short wave 
range 10 to 100 m, can be adequately treated by means of a geometrical ray 
theory. For such wave-lengths and m regions above 80 or 90 km. the ionised 
layer acts as one of variable but real refractive index less than unity, and the 
effective electronic density gradient is so small compared with tho wave- 
lengths that geometneal ray methods can bo used. 

The refractive index p is real and less than unity because with such waves, 
the electrons move relatively freely in the field of the wave, that is to say, 
they can execute vibrations to and fro in the average time t between colbsions, 
t.e , (t ^ 10~* seconds). 

With longer waves the conditions are quite different. 

In the first place, although the layer is graded, the change of effective re- 
fractive mdex m a wave-index may be quite rapid enough to invalidate the 
use of ray methods. Also for such wave-lengths the refractive index is no 

•* Proo. Roy. Soo,,’ A, vol. 9C, p. 646 (1919). 
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longer real. The eleotiona may make many collisions with molecules during 
a time period of the waves and the convection current is m phase with the 
electric force and 90 ° out of phase with the displacement current. In such a 
case — 1 18 practically purely imaginary. The constant phase surfaces, 
the normals to which determine rays in the usual sense, and the constant 
amplitude surfaces, which determine the direction of energy flow, are not the 
same, and ray methods are not adequate. A complete analysis on the lines 
carried out by Macdonald, Love, Nicholson, and Watson is required. 

The simplicity of geometrical optics is lost m a maze of symbols complex 
even in the case of the simplest distnbution of electronic concentration. 

The phase integral method, previously described by the writer,* is particularly 
appropriate for treating such problems as these, and can be used to extend 
Watson^s analysis to cases where the reflectmg layer is not well defined. 

The full wave analysis of the transmission between spherical conducting 
shells leads to an expression for the field intensity as tlie sum of terms of 
the form 


A, 

(sin 6 )* 


. cos (n,0 — TC/4). 


( 1 . 1 ) 


The main part of the analysis consists in detemunmg the values of n, finite 
in number, which fix the transmission characteristics of the waves. 

These proper values, as they may be called, on account of their formal 
relation to the proper or Eigen values of quantum analysis, can be simply 
determined by phase mtegral methods, when the reflection coefficient of the 
upper conducting shell or Heaviside layer is known 
Thus it IS shown that if the reflection coefficient p is p = where 
the imaginary part of represents the phase change and the real part the 
amplitude alteration at reflection, then the phase integral rule gives the 
following : 

2. * + **-“• 

where S is an integer, X = wave-length, r = distance from earth’s centre, 
and the values of w, which satisfy this condition axe the proper values of the 
direction cosines of the waves, complex when attenuation ensues. 

n, can bo determined from the above equation, the imaginary part of it 
giving the attenuation coefficient. 

* ‘ Proo. Roy. Soo./ A, vol. 182 , p. 88 ( 1931 ). 
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Thus if ^<f> is given, the attenuation of each proper value, corresponding to 
each integral value of S, is given. 

The problem therefore resolves itself into the determination of the 
reflection cocffi< ient, of the assumed layer (graded vertically) as a function of 
the anghs of incidence of the wave normal and the constants of the layer. 

In general, where the height of the layer is small compared with the radius 
of the earth and where sin 0 is not too small, 6 being 90 — where ^ is 
tlie angle of incidence of the wave on the layer, the phase integral 


2 . 


2m 

«(n+l)X*l 

X Jr. 1 

(27tr)* J 


dr 


(1.3) 


can be replaced by th(* equivalent mtegral for the case of two planes, i.e., 
2ni 


^ dr = — 2«,H. 
X 'Jr. X ’ 


^ Jf. 


(1.3) 


= sin 0. 

In all the cases considered, however, where the upper layer is graded the 
reflection is greatest and the attenuation least for nearly grazing angle incidence, 
and thus it is only the waves of grazing incidence that are of pra(;tical import- 
ance. 

It is the wave that is practically tangent at the earth^s surface which has the 
largest angle of incidence at the layer, and hence it is such a wave that we are 
most concerned with. In this case 


for 


and 


(n + 1) X* I 1 




(1.4) 


exp i (i?0 — pi) = exp i 


27trn0 


■pi) , 


which represents a wave travelling parallel to the earth’s surface. We have 
to investigate the value of the phase mtegral in such a case. 

Suppose 

, » (n + 1) X* „ a „ , „ 

‘ ( 1 - 6 ) 

where is very small. Then since r is nearly equal to m the whole range 
of integration, we may put, as a close approximation 


( 1 . 6 ) 
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where 
which is 


= »• — rp, 


amn 


Mo* -i- 


*)m » \8/2 1 

^ H) -Mo® 
fo ’ J 


(1.7) 


For the tangent ray «o can be neglected and miq — 1 and tins becomes 


|H V— • (i 8) 

^■o 

Now \/ — = sin 00 where 0 q is complement of the angle of incidence at 
^■o 

the layer of the wave tangent at the earth’s surfact*. 

Comparing this with the plane layer case we see that it is of the samet form 
as Hsm 0o, but the ecpiivalent value of sin Oq is 2/3 sin Oq. We shall use this 
value throughout in the following investigations. 

§ 2 The general diff<*rential equation must take into account the direction 
of polarisation of the electric force 

It follows from Maxwell’s (*quations that for transmission in a region of 
variable electronic concentration these equations are, when X, Y, Z have the 
factor 


VX + {ffU - 

.Ev.i“=0 „.) 


'A / 


03 1 — 


]5V . % - 0 


where X, Y, Z arc the components of K, the electric force, 


V — frequency, 

X = wave-length, 

Nc?c® 

^ ^ which in respect of N is a function of r, y, z, 
7zm(l + wt) 



T = time period of waves, 

T == mean time between collisions = l/v^. 


VOL. OXXXVII.—A. 


M 
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We have to deal, almost entirely, with the case where the gradient of N, the 
electronic density, is almost wholly vortical, m which case (z being vertical) 


and 


g + (™- » - - i Z i ( tf) - 0. ,2 2) 


sin* 0 _ y _ i 


dy ]l — Vq®/v^ dz \ v' 




Y being normal to Z and the ray direction. 

Where the electric force is polarised wholly horizontally, Z = 0, and remains 
everywhere zero, and 


^4-/2!! I* 
dz* ^ \ X / 


( Sill® 0 ^ ) Y = 0, 

\ V* / 


m 


the normal ray differential equation. 

When Z ^ 0 the differeniial equation is 




wliich is of the form 

where 

and I = Vo/v 




( 2 . 6 ) 

(2.7) 

( 2 . 8 ) 


Q - (f /{(»„>.. -«+(4)'f)z. 

If we substitute Z ~ Zi/Vl — then the differential equation for is 

S’ + {(tT + s (f - * •";) ''' =- "• « 


in which the correction to the normal differential equation is 



This quantity, according to (2.7) above, is sufficiently small if the gradient 
d'i^jdz is sufficiently small. 

Thus for small gradients the normal differential equation, independent of 
the direction of polarisation, suffices. 
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For example, a uniform gradient == z/zq, where Sq'ib the height at which 
total reiloctioa occurs, then 


ePZ, 


+ fsin* 0 - 1 - i I Z, 0. 

\X/ I Zq \2nza' (l — zzo)^) 


(2.10) 


i.e., the correction term has the factor (X/27rZo)® and is proportional to the 
gradient of N, and is only significant in the total reflecting region {z — Zq), 


§3. Examples, 

Some simple examples of reflection coefficients have been worked out to 
illustrate the behaviour of long waves in various circumstances. 

The simplest case of all is that of a sharply defined layer, for which the 
analysis is given in order to contrast the transmission cluraoteristics of 
horizontally and vertically polarised waves. 

Vertically Polarised Wave . — If a is the conductivity EM units, X the wave- 
length and c the velocity of light, then the reflection coefficient of a sharply 
defined layer of these constants is approximately wheic 

2 c-'-'rt (3.1) 


» = 2aXc, and n is the direction cosine of the normal to the wave front on the 
vertical z axis. 

Employmg the phase integral relation, we find that so long as x ^ 1 and 
S = 0, the attenuation coefficient is 


A/(toX.)l 

t.e., (3.2) 

2H \8recV 

p = resistivity — l/o, 
p = 27tV, 


which agrees with the value obtained in the pure wave theory for trans- 
mission between layers. Also, if S is a positive integer, the attenuation 
coefficient is 


5 ®/’ 


(3 3) 


M 2 


double the previous value. 
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HorizonluUy Pohnsed Wave . — In this case the reflection coeflicient is e~** 
where 

8^ + ITT. (3.4) 

where n and .r liave the name significance as before. 

The phase integral method then gives 



where (a,) is the attenuation of the vertically polaris<‘d wave of any but the 
zero order. 

For small angles, this is very much less than the attenuation of the vertically 
polarised wave This is, of course, connected with the fact that the reflection 
(oefficient for horizontally polarised waves is very mueh greater than for 
v(*rtically polarised rays, I'specially for large angles of incidence (w small). 
For vertically polarised rays, there is a critical angle given by 7i -- l/2x* for 
which the reflection is a minimum {t,e , Brewster's polarising angle). 

The results for metalln) reflection are shown in fig 1 



Fig. 1.— Ground Reflection. X = 30. K = 6. e = 1/(2 x 10*»). 

Vertically polarised ray. 

Horizontally polarised ray. 
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It will bo 8oen that tho roflootion for the vertically polarised ray is always 
less than that for tho horizontally polarised ray. 

This form of tho futnitional dcpondonoe of tho rofleotion cootficiont on n 
results in tho two forms of attenuatjon coefficient for the vertically and 
horizontally polarised waves shown above. 

For the vertically polarised waves 0 > Oq, tho reflection imjnoves as 0 
increases. Therefore waves of hit^h an^^les are better refl(‘cted. i e , lose less 
on reflection, but in order to travel over a given distance they have to mak<' 
more reflections ; the two effects, therefoic, c*om[K!risate, and th(' attiMiuation 
of the various order rays is the same 

On the other hand, the horizontally polarised waves are worse reflected the 
higher the angle ; they also make more reflections over a given distance with 
the result that the attenuation rapidly inereasos with the angle of elevation as 
in formula (3 5). 

Case where N qc ^ 2 — j^^^t is an example when* tho elect roinc concen- 
tration vanes as the square of the height. 

This case is of importance b(»cause actual measurements show that the 
electronic density in tho E region of the Kennelly Heaviside layer vanes 
approximately in this manner. 

We assume that 


{1 + ta) 


Ne^c^ 

TT/nv’*^ (1 4- ^a) 


(3 6) 


a = v^/Zwv, whore is the eollision frequency. Aeeording to Dr Burnett,* 
the numerical (‘oustant k — 3/2, where v^, 2Np*'^y'7r/A/a in his notation is 

the collision frequency and a is small. Where a is large k - Ifl/llTr. From 
(3.6) Zq, the depth of pen(‘.tration is m this case proportional to v. Put 
2o' = 2;o(l + la). 

Wo use an extension of the n'sult of Hartree,! who shows that when 
2nZQ sm* 0/X is large 

8^ = LEflL Q _ ^7^ ^3 

X 


Using the phase integral method for a plane layer tho attenuation coefficient 
becomes (when a is small) 


3 7t»Zna* 8in» 6 ^ 3 (zok ■ X, v,* . g 

2 XH 2^ cos 0 2 (2 X)^ C* H cos OA:* ‘ 


(3.8) 


* ‘ Proo. Oamb. Phil. Soo.,’ vol. 27, p. 681 (1931). 
t ‘ P»o. Roy. Soo.,’ A, ▼»!. 1.31, p. 428 (1931). 
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where ( 2 g)x . is the penetration distance at a wave-length and is a 
confltant. 

When, however, 27WQ'Bin* 0/X is not largo we have to distinguiBh between 
two cases (a) where the wave is polarised with the electric force horizontal, 
(6) electric* force vertical. 

It follows from (2 5) that the normal differential equation (2.4) is only 
appropriate to the ease (a) horizontally polarised wave ; the reflection of the 
vertically polarised waves depends on the solution of the more complex differ- 
ential equation (2.5). 

Considering th(*n (a) only we find that the phase change on reflection is 
given by 

where 


^ 27r2o' 2 ^ 

5 -- — ^ sm® 0 

A 

when 5 1** small compared with 1, 

ri(^ + 3)/ri(5-M) 


is approximately 1/3, actually 


1/2*97 = 1/p, say, 


tan::^ 

2 


if ^ is small, tan t S<^/2 is large, and 


• B6 7c 1 
- -nearly. 


Let % S^/2 •= X — «/2, X small, then 


i = m 


approximately, and iB(j> the change of phase at reflection is 

The phase integral relation for this case gives 

Y 2 . 1 sm e . H -f * P5* - »« = 27»S. 


(3.14) 
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Now ^ in this case, where a is large, is (2n/X) Zg \/ia sin* 6, and we get, if 
we put « = Wg + tSwg, where ng is the eigen value, 

j _ Y»osiu7r/8. 

® 2H.2/3 + y‘;o»W8 

where 

and the attenuation constant is 

2n am 0 g _ 2n Q y sin tc/8. 

X cos 0 X (2H . 2/3 H- y 

4/3 H 18 in general > y attenuation constant vanes inversely 

us X* and directly as (2 o)a,* Xj*. 

The transniiHsion characteristics of this graded layer m which N Qc 2 ^, as 
well as others in which N oc 2 and N cc the discussion of which is 

omitted here for want of space, can be summarised as follows. 

The attenuation constants a for all types of graded layi’rs have eortam 
features in common . — 

(1) a IS some inverse function of the gradient of the electronic concentration 
so that the less the gradient the greater the attenuation. 

(2) a is in every case inversely proportional to the height of the layer above 
the earth. 

This is a general characteristic of transmisMou between layers, and 
may be explauied physically on the following grounds. 

The bounding walls take a certain toll of energy^ depending only on 
E, the electric force, and the constitution of the layers. The store of 
energy to be drawn from is, however, proportional to the dwtance apart 
of the layers, therefore the percentage of energy lost per unit distance 
is less the greater H, ^ c , the attenuation constant varies inversely 
asH. 

(3) The attenuation m every case varies inversely as some power of X, i.e., 
18 less the greater the wave-length. 

This is because the specific resistance of the layers, considered as 
guiding conductors, decreases with increasing wave-length. 

(4) High angle transmissions are normally much more attenuated than 
gliding angle waves. 

This is, of course, associated with the fact that in all cases of a not 


(3 16) 
(3 16) 
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too sharply defined layer, reflection is best for glancing incidence and 
rapidly decreases for higher angles. 

(5) The attenuation decreases with increasing ionic concentration, other 
quantities remaining fixed ; this decreases the resistance of the guiding 
walls and so decreases the loss. 

(6) The attenuation increases with increasmg collision frequency, for, other 
quantities remaining constant, this increases the resistance of the 
guidmg walls. 

§ 4 Experimental Eiiidence. 

The experimental evidence obtained from a number of sources* is best 
exhibited m the form of a curve, fig. 2. 

A - 

The transmission formula has an exponential factor e which 

(K sin 0)* 

represents the attenuation of the waves. 

If d is taken as 1000 km. the factor exp (~ a 1000) expressed in decibels will 
give the attenuation characteristics of the transmission. The actual values 
of this quantity plotted as a function of the wave-length arc giv<m in fig. 2. 



Wavelength, ^ - 

FiO. 2. — Characteristics of long- wave daylight transmission. 


• * J. Inst. Eloo, Eng. Lond./ vol. 63, p. 933 (1926) , Espensohied Anderson and Bailey, 
• Bell System Tech. J„* voL 4, p. 459 (1925) ; and * Proo, Inst, Rad. Eng.,' vol. 14, p. 7 
(1926). 
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The quantity even for daylight transmission is noi- constant but varies with the 
latitude, season,* epoch in the eleven-year sunspot period, and also to a certain 
extent throughout the day. The upper and lower points for given wave- 
length give the extreme limits observed. 

The curve A then gives the average attenuation observed on wave-lengths 
lietween 400 m. and 23,000 m. 

The observed attenuation increases rapidly as tlie frequency is mcireased. 

The theory given in the previous section may b<* used to explain the results. 
For a numerical comparison we require to make a definite clioici* of a model to 
represent the conditions in the Kennelly Heaviside layer 

Experimental evidence of the distribution of electronic concentration m 
tins layer has been obtained by Appleton.* The curve given on p. 33G repre- 
st^its observations of the measured eqiuvalent path as a function of the 
frequency. The relation is nearly hnear, which implies tliat N, the electronic 
density, vanes in proportion to the square of the height above 82 km. 

We may put N = No(2/2o)^ where Noisthe value of N when Nq“1()* 

approximately when = Zq — ,*30 km. 

For a complete numerical determination of the atienuation coefficient by 
formulae (3.8) and (3.17) wc require tlie value of a, ^ c , ^J-rzvk, wh(‘re is the 
mean collision frequency of electrons and molecules. This, unfortunately, is 
not constant throughout the layer. 

Values of ate given by S. Chapman for the region oceupit^d by the E layer. 
They arc shown in the following table : — 

II 70 80 90 100 no 120 

V, 10? 3-3x106 M X 10« 3-5x10® 1-2x10® 3-8 X 10^ 

Since the depth of ponetralion of the waves at glan(‘ing incidence is small 
we have taken as a first approximation the value of a corresponding to the 
value of at the base of the layer, t.e , 82 km. ; is then 2-6 X 10®. 

With this data it is possible to compute the values in the formulas (3 8) and 
(3.17) and to draw the theoretical attenuation curve. 

The nature of the formula) depend on (1) whether a is large or small, (2) 
whether $ is large or small. As a preliminary, therefore, we can calculate the 
values of X at which a = 1 and 5 = 1 respectively. With the above value 
for v„ a Is unity for a wave-length of approximately 300 m. 


* ‘ Proo, PhyB. Soo„* vol. 42, p. 336 (1930). 
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The value of ^ is 


BO that 


— «o Vl + ta X sin* 0, 
X 


iq=te^i8in»e 


(4.1) 

(4.2 


when (X is large. With sin 0 = 0*178 (tangent wave) and Zq = S X X km., 
this becomes unity at X = 1 *20 km. 

With this data the theoretical curve (2) has been constructed. 

For a wave-length about 400 m. the observed and theoretical curves agree ; 
with longer waves the two diverge, the computed values being too small. 

It must, however, bo remembered that with the longer waves, greater than 
about 1 km., the computed values only refer to horizontally polarised waves 
while the observed values refer to vertically polarised waves. The transmission 
characteristics of horizontally and vertically polarised waves are only the same 
when 5 is large, i.e., for wave-lengths below 1000 m. 

The theoretical curves begin to diverge at this point. The correct attenua- 
tion values for the longer wave vertically polarised waves depend upon the 
reflection coefficients computed by the more complicated difierential equation 
(2.9). 

If we can be guided by the case of sharply defined layers to which limit 
conditions tend as we can mfer that, as m the cases considered in § 2, 
the vertically polarised waves are much more attenuated than the horizontally 
polarised. This would appear to account for the fact that the computed values 
a fall below the observed values when ^ is small. The high attenuation and 
small reflection coefficient on the broadcast band is adequately accounted for 
on this theory, and it is unnecessary to involve magneto ionic eflccts as a cause. 

Magneto ionic effects have been neglected, and it is believed rightly so, smeo 
m day-time the reflection occurs in regions where the collision frequencies are 
large enough to swamp the natural rotation period of the electrons in the earth’s 
magnetic field Hq, i.e., eKj2Ttm, 

At night-time the layer nses to regions where the collision frequencies are 
some 10 times smaller than in the day-time. 

For such regions magneto ionic effects will have to be taken account of. 

Fig. 3 exhibits very clearly the physical significance of the type of attenuation 
curve observed. 

It represents the depth of penetration of the electromagnetic waves into the 
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layer. In the region where ^ is small the intensity m the layer may be repre- 
sented at considerable depth in the layer by the asymptotic formula for D„ (?') 

D„(/) = «-»*■•. |l - ~ + etc., (4.2) 

which iB the solution of the difEerential equation (2 4) when 
appropriate to the case where E vanishes at « = oo . 
z* here ifl the quantity 



where n is nearly — J for Hmall values of 5- 
With known values of «o» contour at which E is reduced to a certain 
fraction of its surface level can easily be calculated. The portion of the curve 
AB shown in the figure is such a contour for which E is 1/1000 of its surface 
value. Where a is small and ^ large the ordinary ray theory holds and the 
depth of penetration, i.e,, the apex of the ray of incidence 90® — 0, is ^0 sin 6, 
and the portion of the curve (1) represents the penetration in this region. 
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The transition region when* ^ is neither large nor small is more difficult to 
calculate, but it is clear from physical considerations and questions of con- 
tinuity that the penetration decreases to a minimum in the region between 
100 m. where a is small and 1000 m. where ^ is unity. The penetration is 
equivalent to the skin effect in an ordinary conductor. So long as a > 1 the 
layer acts as a metallic condiwitor for which the depth of penetration decreases 
as the fn*quency increases. The earth and the outer conductuig shell, the 
Kennclly Heaviside layer, act, apart from geometrical factors depejidmg on the 
spherical shape, us a transmission Ime, the two bounding shells representing 
the conductors. The attenuation of such a generalised transmission Ime is 
proportional to tlie effective resistances per unit length of the two guiding 
surfaces As the frequency increases the penetration decreases, and the 
TH'sistivity of the upper layer increases, and hence the attenuation is greatest 
for the liighest frequencies within the range for wlu(;h the layer acts as a 
metallic conductor, %e , within the range for which a> 1. 

We may say approximately that the large upper layer attenuation is 
associated with the small penetration of the wavi’s into the upper layer m 
tliesc regions. This ('ffect is accentuated by a factor which has been neglected 
in this analysis, % e , the decrease of tho collision frequimcy with the height 
above the surface of the layer. This in general causes an accentuation of the 
attenuation as the penetration decreases, for where the penetration is small 
the energy is confined to regions near the base of thi* layer where the collision 
fretpiency and therefore the specific attenuation is great(*st 

Summary. 

The phase integral method* is shown to lead to appropriate solutions of 
the problem of the transmission of long wireless waves guided round the 
earth’s surfac-e by the upper conducting Kennelly Heaviside layer. 

The prolilem of a sharply defined upper conducting layer has been considered 
by G. N. W’^atson. In this paper the extension to the case where the layer is 
stratified in a vertu-al direction is considered. The phase integral method can 
bo used when tho reflection coefficient of the layer as a function of the angle 
of incidence is known 

It is shown that the 1 ransmissiou charactori8ti(;s of horizontally and vertically 
polarised waves are different when the electronic gradient is great enough. 
The examph* of a layer in which the electronic density N is proportional to the 


* ‘ Proo. Roy. Soo.,* A, vol. 132, p. 83 (1931). 
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square of the height is discussed, and used to give a theoretical interpretation 
of the observed results in long- wave transmission. Fair agreement is obtained 
for wave-lengths between 400 and 1000 m On longer waves the theoretical 
and observed attenuation curves diverge, the former only applymg to hori- 
zontally polarised waves and the latter to vertically polarised waves The 
physical significance of the wave-length attenuation relation is considered to 
be associated with the penetration of the waves into the layer, the attenuation 
being greatest where the penetration is least. 

In coneJusion, I should like to cxpiess my thanks to the Marconi’s Wireless 
Telegraph Company for allowing me to publish these results. 


The Excitation Function of Helium. 

By J. 11. Lkes (H. H. Wills Physical Laboratory, Uiu\ (’rsity of Bristol) 
(Coinniujucated by A P Chattock, F B 8 — KccoiveJ Febuiary 11, 1932.) 

[Plate 10 .] 

L hiiioduction. 

There aie two methods of investigating inelastic collisions between atoms 
and electrons. By measurmg the energies of the scattered electrons we obtain 
at once the probabilities of excitation to the various levels. Small energy 
differences, however, cannot be resolved electrically and so only the prob- 
ability's of excitation to the lower, widely separated h'vcls can be obtained 
in this way. 

In the method described m this paper the intcnsitu's of iJic spectral hues 
emitted by the atoms after collision are measured. It is possible by this 
means to estimate the absolute probability of excitation to a given state by 
collision with an electron of known velocity. The probability of excitation 
to a given state plotted as a fimction of the velocity of the exciting electrons 
is known as the excitation fimction of that excited state. 

Although much work has recently been done on this subject, every deter- 
mination of the excitation function so far made has been open to criticism. 
In every case an electron beam of known velocity is passed through helium, 
and the spectrum of some point in the beam is photographed at various electron 
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velocities. Clearly it is most important to know the electron current density 
at the point photographed, and not merely the total current in the electron 
beam. This has not been done in any previous work, which is therefore liable 
to very considerable errors due to changes in the shape of the beam. 

In the work to be described this source of error is eliminated by photo- 
graphing a complete cross-section of the beam ; this allows not only the 
integration of the total intensity in the beam, but also makes it possible to 
detect and, if necessary, to allow for any background of diffuse light due to 
scattered electrons or any other cause. The results show only a general agree- 
ment with those previously obtained. 


2. Apparatus. 

The apparatus is shown m fig. 1. The electrodes are partly of molybdenum 
and partly of staybrito stool, and are enclosed in a glass tube 5 cm. diameter 



and 30 cm. long. The filament (F) is an oxide-coated platinum strip suspended 
for convenience in renewing, from a ground glass joint at one end of the tube. 
Ill front of the filament is a plate (S^) with a slit 5 mm. by 1 mm. which is used 
for accelerating the electrons away from the filament, and beyond this slit 
is the field free box. This consists of a second slit (Sg) of the same dimensions 
as the first, with behind it a cone (R) which collects the electrons. The cone 
has two discs across its mouth, each pierced with a large slit intended to prevent 
the escape of scattered electrons ; it is between these discs that the light is 
photographed. This arrangement for measuring the light at the point where 
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the electrons enter the measuring collector makes the actual current and the 
measured current identical at all values of the mean free path, so that variations 
due to change in electron voltage or in helium pressure do not aSect the 
accuracy of the current measurement. No special window is necessary as the 
tube itself is sufficiently transparent, and a slight distortion of the image of 
the electron beam does not matter. A light trap, however, is essential to 
avoid reflected light being photographed, and this takes the form of a bent 
glass cone attached to the tube oiiposite the spectrograph. 

The apparatus is connected through a charcoal tube in liquid air to the pumps 
and to the helium supply ; there is also a second charcoal tube directly attached 
to it. The electrodes were out-gassed by means of an induction furnace, and 
the wliolc tube with the exception of the ground joint at the extreme end was 
baked out at 300® C. The ground joint was sealed with wax on the outside, 
and owing to the very large pumping resistance offered by the ground joint 
the charcoal could easily deal with any impurity due to this. On no occasion 
w’as there any sign of lines due to impurity even in the spectra photographed 
with exposures of over 24 hours. 

The ehictrical arrangements arc shown in fig. 1. The voltage drop along 
the effective part of the filament is 0*3 volts and the homogeneity of the beam 
was tested by applymg stopping poten- 
tials between the collector cone and the 
other electrodes. A typical curve is 
shown m fig. 2, the current being plotted ^ 
against the stopping potential for 60- K 
volt electrons, (A), and the differentiated o 
cur^M', (B), is also shown. This curve § 
only gives an outside limit to the in- ^ 
homogeneity of the beam, owing to such S 
factors as the divergence of the beam, * 
but even so it shows that 90 per cent, of 
the electrons lie within a 3^-volt range. 

A further test was made by applying a ( 
magnetic field which bent the beam as 
a whole with no appreciable loss in 
sharpness, showing that the beam is approximately homogeneous. 

During a series of exposures the electron current is measured by a micro- 
ammeter, and is maintained constant by adjusting the filament heatmg current. 
The first slit (S^) is provided in order to obtain the maximum possible electron 
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current. Owing to negative space charges^ saturation of the emission is only 
reached for fairly high values of the field, which could not always be obtained 
if tfie slit were omitted. The electn)ns are strongly accelerated to the first 
slit, resulting in the formation of many positive ions, and they are then retarded 
to the speed required by entering the second slit. The ions, owing to their 
low mobility, diffuse away slowly, and consequently they largely neutralise 
the negative space charge. This arrangement gives a copious supply of quite 
slow electrons. It is also desirable to keep the first slit at a potential positive 
relative to the field free box in order that any secondary electrons emitted 
from it will be unable to enter the observation chamber. The only exception 
to this is made when working at voltages over 1000, when the slit is made 20 
volts negative to the filament m order to keep the electron current down to the 
rcquii'cd value, as it is found that if the reduction is made entirely by reducing 
the filament temperature the electron current becomes extremely unstable. 
At the lower voltages, however, the slit may be used at any potential positive 
relative to the field free box, moat suitable to bring the electron current to the 
required value or to focus the beam. The focus may also bo altered by choosing 
a suitable potential for tlio cylinder (C) round the filament. 

As the electron emission is very sensitive to change of filament temperature, 
the heating current is provided by accumulators, and all the potentials are 
maintained by batteries of accumulators in order to obtain the utmost steadi- 
ness. 

3. Opiad Arrangement. 

A photographic method of measuring the intensity is used, as the light 
source is weak. A Hilgcr Bj quartz spectrograph is used and its dispersion of 
about 13 A. per millimetre allows the use of a very wide slit (0*3 mm.) whose 
image on the photographic plate is magnified by tilt to 0’8 mm. This makes 
for great accuracy in photometry. An image of the electron beam is thrown 
on to the spectrograph slit perpendicular to it, so that a cross-section of the 
beam is photographed. 

Ilford lao-Zenith plates were chosen, as these give tlie best compromise 
between high speed, small grain size and low background density, while the 
density-log intensity curve is of a suitable form to give reasonable accuracy in 
photometry over a largo range of intensities. The plates were developed under 
standard conditions, using amidol in a special tank arranged to give extremely 
powerful and regular stirring. 

A typical photograph, fig. 3, Plate 10, consists of a spectrum where the 
centre of each line is very intens(j, correspoudmg to the centre of the electron 
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beam, and fading away on each side. The lino is photometered by a self- 
recordmg n^icrophotometer described elsewhere* and the resultmg curve 
indicates the degree of blackening. As the photometer deflection is not 
proportional to the original light photographed, a calibration is necessary, and 
this is done by means of a neutral wedge placed over the spectrograph slit and 
illuminated by a uniform pat(!h of helium light from a low pressure arc. As the 
density gradient of the wedge is known for all wave-lengths, this gives the 
calibration directly. A blank photograph taken under similar conditions, but 
without the wedge, serves to correct for any slight irregularities in the illumina- 
tion of the spectrograph slit. 

By means of this calibration the curve recorded by the photometer is con- 
verted to true intensity, and the area beneath the true intensity curve is 
measured to give the integrated intensity of the whole beam. 

The relative intensities of the different lines were determined by the use 
of a calibrated lamp. A photograph of the lamp was taken and developed 
under standard conditions, and the photometne determination of the intensity 
at different wave-lengths was correlated with the energy distiibution given by 
a previous calibration made at the National Physical Laboratory. In order 
to determine the efliciency of excitation, an approximate estimate of the actual 
number of quanta photographed was also made. 

4. Results, 

The dependence of the light intensity on the electron (current was first 
investigated. It was found that withm experimental error all the lines mea- 
sured showed a linear relationship, fig. 4. This shows that a single electron 
only IS involved m the collision process and it also serves as a check on the 
accuracy of the photometry. 

Next, the relation between light intensity and helium pressure was measured, 
and the results of this are shown in fig. 5. It wjII bo seen that while the intensity 
of the lines 4438 (2^P--5^S) and 4922 (2^P show a linear relationship 

with the pressure, this is not exactly so in the case of the lines 6016 (2 ^S— 3 ^P), 
3965 (2 — 4 ^P) and 4472 (2 ®P-“4 ®D). It is clear that if simple collision 

excitation takes place the light mtensity will depend on the number of collisions, 
i.e., on the gas pressure, so that in the case of 4438 and 4922 the Imearity 
observed indicates that only simple excitation takes place. In the case of the 
lines which deviate from simple proportionality a further peculiarity is to be 

* J. H. Loefl, ‘ J ,Soi. Instruments,* vol, 8, p. 273 (19S1). 
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observed. The light of those lines does not all come from the electron beam, 
but a large proportion comes from points as much as 1 cm. from the beam. 
Apparently this spreading has not been observed hitherto owing to tlie method 
generally used of photographing a spot in the electron beam instead of a whole 
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croBB-section. It is found that all the lines showing spread deviate from a 
simple proportionality between intensity and pressure. The discussion of these 
efieots will be given in a second paper. 

The results of the intensity-electron voltage measurements are shown in 
figs. 6-11. The ordinates, when multiplied by the appropriate factor shown 
on the figures, give the atomic cross-section of helium for collisions resulting 
in the emission of one quantum of the radiation m question. The abscissae 
show the electron voltages plotted on a logarithmic scale. A helium pressure 
of 0*044 mm. was used and an electron current of O-S milliamperes. 

Fig. G shows the curves of the singlet sharp series 4438 (2T — 5^8) and 
4169 (2 ^S). In each case there is a steady rise to a maximum at about 

37 volts, and a gradual decline as the electron voltage increases further. 



In fig. 7 are given the singlet principal senes 5016 (2^8— 3 ^P), 3965 
(2^8— 4 ^P) and 3614 (2^8— 5 ^P). These curves are all very similar, each 
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showing a very slow ribc to a maximum at 100 volts, and a very slow fall 
beyond. 

The singlet diffuse senes, 4922 (2^P~4^D) and 4387 (2^P“5^D) is shown 
m iig. 8, and here the maximum lies at about 80 volts. 



In the ease of the triplets the sharp senes 4713 (2*P-'4®8) and^4121 
(2 3p— 5 ®S) is shown in fig. 9, These curves have an extremely rapid rise to 



a maximum at about 30 volts, and beyond this an almost equally rapid fall, 
the intensity beyond 100 volts becoming too small to be measured. 
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Kg. 10 shows the triplet prmcipal series of which only one lino, 3889 
(2 *S — 3 ®P) lies in the range of wave-lengths investigated. This curve rises 
to a rather blunter njuiximum iit volts, after which it falls steeply. 



Fio. 10. 

The triplet diffuse series is shown m fig. 11. Three hues were measured, 
4472 (2 3P-4 ^D), 3820 (2 ^P-G ^D) and 3705 (2 ^P-1 ^D). 4026 (2 ^P-b »D) 
could not be resolved from 4021 (2^P— 7^S) and was not measured. The 



Fig. 11. 

members of this series show a progressive change in the shape of the curve. 
The lowest member (2 ®P--4 ®D) shows a marked maximum at 34 volts, while 
between 48 volts and 78 volts there is scarcely any drop in intensity, and 
beyond 80 volts the curve drops slowly. The next line measur'd (2 *P— -6 *D) 
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shows a peak, although much smaller, at 34 volts, and it also shows a second 
maximum at 85 volts. The last line (2 * * * § P— 7 ®D) shows only a trace of the 
34 volt peak, while the second peak at 85 volts is very pronounced. 

4. Discussim. 

These results agree only approximately with those of previous authors. 
Hughes and Lowe* were imable to work at voltages lower than 34 volts and 
their curves are therefore incomplete. Their photometric methods were, 
moreover, incapable of great accuracy and the lack of linearity between 
intensity and current, and intensity and pressure shows that thoir conditions 
were unsatisfactory Their results, however, do not show any very striking 
differences with those given above. On the other hand, Peteri and Elenbaasf 
obtained extremely different curves, and. as was pointed out in a preliminary 
account of the present work,t this was probably due to incorrect current 
measurements. Hanle§ has obtained results agreeing fairly well with those 
given here except m the case of the 2 ®P— w series, and this difference is 
probably due to insufficient observations at low voltages. Elenbaas|| however, 
found that all the linos without exception show a slight maximum at about 60 
volts. This is probably due to a change m the shape of the electron beam, 
giving an increase in the current density at the spot photographed at about 
60 volts. Like Hanle, he was imable to obtam accurate proportionality between 
intensity and electron current or helium pressure, showing that the photometry 
or experimental conditions were not satisfactory. Michels^ obtamed this 
proportionality approximately, but, like Hanle and Elenbaas, he did not 
integrate the total intensity of the beam, and the second maxima he obtained 
at about 80 volts for all Imes are probably due, therefore, to changes in the 
width of the electron beam. Michels, moreover, used a non-homogeneous 
beam of electrons, 90 per cent, only lying withm a 10- volt range, and so a 
very large correction had to be applied to the excitation curves obtained. 
While this correction is imimportant at high electron velocities, it is impossible 
to obtain accuracy near the excitation {lOtential on account of the very rapid 
changes in the excitation probabilities in this region. 

• ‘ Proc. Roy. Soc.,* A, voL 104, p. 480 (1923), 

t ‘ Z. Physik/ vol. 54, p. 92 (1929). 

X Lees and Skinner, * Nature,' vol. 123, p. 826 (1929). 

§ * Z. Physik,* voL 56, p. 94 (1929). 

II ‘ Z. Physik,* vol, 59. p. 289 (1930). 

‘ Phys. Rev ,* vol. 36, p. 1363 (1930). 
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The estimates made by some of the above authors of the relative intensiticH 
of the lines should bo accurate except jn the case of the lines which spread. 
For these Imes, however, the mtensitu‘s must be wrong owing to the large 
proportion of light which comes from outside the electron beam and so is not 
measured. It seems, therefore, that the results given here must i)e more 
accurate than those of previous workers owing to the improved metliods used. 

6. Excitation Probabilities. 

We must now considtT what knowledge the intensity-voltage curves obtameJ 
give us of the probabilities of excitation to a ccriam state for various electron 
voltages. The mteiisity measured is proportional to the number of atoms m a 
certain excited state whether excited directly or mdirectly. Thus the intensity 
of the line (2 ®S— 3 ®P) gives the niuuber of excited atoms ui the 3 stat<‘, 
and these may have been excited by electron impact giving a (1 ^S— 3 ®P) 
transition, or by cascade from a higher or level, or by the recombination 
of an ion with an eh'ctron The proportion of excii(‘d atoms due to cascade 
cannot be measured, but we know that for large quantum numbers the classical 
rule is approximately correct that the intensity in (pianta per second due to 
any transition from a given state depends on v^. As cascade involves low 
frequency, high quantum number, Iransitions the mitmsity due to this is 
probably small. The possibility of recombination was tested by means of a 
special apparatus arranged with a jiowerful electrastaijc field at right angles to 
the electron stream. The field strength was sufficient to sweep all helium 
ions to the electrodes in 2 X seconds after formation and slow electrons 
m seconds. It was foimd, liowever, that apart from a disiilacciiu'iit of 

the whole electron iK^am the electrostatic field had no effect at all, proving 
that ionisation and rccombmatioii plays no part in the emission of light m the 
region investigated. This experiment served also to show that slow electrons 
played no part in the excitation process. Tlius it is probable that the mdirect 
excitation is qiutc small There is, however, one exception to this in the case 
of the spreading lines. The mechanism of spreadmg will be dealt with fully 
in the following paper, and it will b(3 sliown that while tht‘ iui(‘nsity curves of 
the (2^S— w^P) lines represent the oxeitatiori function of n^V levls, the 
curves for the (2 *P— ®D) lines an; composed partly of the excitation function 
of n T levels and partly of n levels. The truii n ®D excitat ion curve gives 
tho low voltage peak shown by the (2®P— n®D) hues and the spurious n^P 
excitation gives the high voltage peak. With this single exception, however, the 
intensity curves may be regarded as approximately true excitation ciirvi's. 
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In onf* spooial oaso tho absolute probability of excitation may be accurately 
found. The hue 3889 {2®S— 3®P) is the only line which can possibly be 
radiated by atoms in an excited 3 state and in this case the absolute prob- 
ability is equal to the number of quanta shown as ordinate m fig 10. In th(‘ 
case of all the other lines measun*d, however, the selection rules permit several 
transitions from the excited state. Thus the 3705 radiation (2 ®P— G ®D) is 
radiated by atoms in a G state which may drop to any of two states or 
four ®P stat(\s. If the relative probabilities of these allowt'd transitions wer<‘ 
known, then the total number of atoms in the excited state could be deduced 
by measuring the intensity of any one of the lines emitted. These juobabilities 
have not been worked out for helium, and although the classical rule mentioned 
above is true for large quantum numbers it is not correct for small quantum 
numbers But m each case the line measim'd is tliat of the shortest wav(’- 
Icngth and is thoroforo the most probable transition ; thus the number of 
excited atoms will be roughly equal to the number of quanta of the observed 
radiation. The (2^S— scries is the only exception to this because the 
(PS—w^P) radiation is much more probable than the observed radiation. 

A comparison of the excitation curves with those obtuinod theoretically by 
Massey and Mohr* shows some agreement. Thus they obtain the steep rise 
and fall for the triplet senes, and the gradual rise and fall of the singlet series 
which are found experimentally. In detail, however, there are serious 
differences. All the theoretical curves show maximum excitation probabilities 
at much lower voltages than are foimd experimentally, and this discrepancy 
camiot be due to the mhomogeneity of the electron beams used. There is a 
definite disagreement in the case of the (2 ®P— n®S) stories, which theoretically 
is predicted to have a blunter excitation curve tlian the (2 ®S“W ®P) or the 
(2 ®P— n *D) series. Experimentally, however, the (2 ®P— n ^S) senes shows 
the sharpest jHiak, and it is quite impossible to see in the experimental work 
any explanation for this difEerence. 

Since the publication of the paper referred to above, Massey has found a 
numerical error in the calculations for the (1 ^S—w^P) lines, and the revised 
curves show a gradual rise to a late maximum just as is found experimentally. 

The values predicted for the atomic cross-sections can oidy be compared 
with the values estimated experimentally m the cases of the 3 ^P and 3 ®P 
states, as these are the only croas-sccjtions which have been estimated both 
theoretically and experimentally. The theoretical cross-sections for these 
states for electrons of 200 volts, are J-3 X 10'^® cm.® and 9 X 10“®® cm.* 
* ‘ Proo. Roy. Soo./ A, vol 132, p. 606 (1031). 
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respectively. Fig. 7 shows that at this voltage the cross-section for a quantum 
of 2^S— 3^P radiation is 8 X 10 "^ om^. The cross-section for excitation 
to a 3 state must be slightly greater than this, which agrees with the calcu- 
lated value. Fig. 10, however, shows that the cross-section for a quantum of 
2 ®S — 3 ®P radiation, which, if the contribution to the 3 ®P state by cascade 
can be neglected, is equal to the cross-section for excitation to a 3 ®P state, is 
4 X 10“®* cm.®. This is enormously greater than the theoretical value and, 
although part of the light measured will be due to excitation by electrons which 
have already made one or even more inelastic collisions, this additional 
excitation cannot account for such a very large discrepancy. 

We may summarise the results of the excitation curves as follows 

(1) The excitation curve for each state shows a single maximum at the 
electron voltage V„, giving the maximum probability of cxoitation. 

(2) The excitation curves of statcis in the same senes, eg., w^P, are similar 
in shape 

(3) The sharpnf‘ss of the maximum of an excitation curve is related to the 
value of V,„. A low value of V„ goes with a sharp maximum, and a high 
value with a blunt maximum. 

(4) Comparison of the excitation curves shows that for a triplet state the 

value of V„, is considerably smaller than for the corresponding smglet 
state. 

(5) Among the singlet or triplet states themselves, the value of tends 
to increase as we pass from the S to the P and D terms. Table I gives 


the values. 

Table I. 


Wa^e-leugth. 

Lovol. 

1 Maximum atomic ^ 

1 ortjss -section. 

j ^ W 

A 

4438 

4160 

2‘P-0*S 

2>P-0‘S 

28 X 10-" 

12 X 10-“ 

volts 

36 

5016 i 

2*H-3'P 

1000 X 10'*^ 


3905 

2*S -4‘P 

340 ^ 10-“ 

100 

3614 

2iS-0^P 

1 57 X 10-“ 


4022 i 

2^P-4iD 

1 11»» X 10-“ 

74 

4388 

2ip_6»D 

00 X 10'^ 


4713 

2»P-4»S 

210 X 10-“ 

j 30 

4121 

2 *P-5 «S 

45 . 10-“ 

3889 

2»S-3»P 

720 X 10‘^^ 

1 32 

4472 

2»P-4»D 1 

120 X 10-“ 

1 

3820* 

2 »P-6 •!:> 

9 X 10-« 

34 

3706* 

2 •P-7 ‘D 

6 X 10-“ 


*The values for the lines 3820 and 3705 are taken from the part of the 
voltage peak only. 

curve giving the lo« 



186 


J. H. Lees and H. W. B. Skinner. 


Sumnutry. 

An accurate method of meaHurmg tho excitation functions of helium is 
described, and tho results obtained aro given. 

The variation of light intensity with electron current and with helium pressure 
is measured. Certam of the' spectrum lines are found to bo emitted not only 
from the electron beam but also from points some distance from the beam. 
These spreading Imes show anomalous mtensity-pressuro curves. 

The relation is discussed between the intensity-voltage curves found experi- 
mentally, and the curves showmg the actual probability of electrons of given 
velocity exciting an atom to any given state. An estimate is made of the 
absolute probability of excitation to certain states. 

The author wishes to thank Dr. H. W. B. Skinner for siiggestmg the work. 


^oles on the Excitation Processes in Helitm. 

By J. H. Lees and H. W. B Skinner, Wills Physical Laboratory, Bristol. 

(Oommumcati'd by A P. Chattock, P R S — Received February 11, 1032 ) 

1. Introduction, 

In the preceding paper* an account has been given of experimental work on 
the excitation function of helium. Hero we propose to enter mto a fuller 
discussion of some of the problems involved. We shall give a detailed examina- 
tion of tho phenomenon of spreading, reported in tho previous work , and 
also wc shall put forward a rough but simple conception of the excitation process 
which allows an understanding m terms of elementary ideas of the mam 
charactenstics of the excitation process. 

2. Spr&tding, 

When a well-defined electron beam passes through a gas at low pressure, 
tho light emitted from the majority of the spectrum Imes comes almost entirely 
from those pomts of the gas which are traversed by the electrons. But for 
some classes of linos, there is a considerable amount of light emitted by those 
parts of the gas which he outside the electron beam. This is the phenomenon 


* p. 173 ; to be quoted as Paper I. 
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which we describe as spreading. We may define the spread of a line as the 
ratio of the light emitted from outside the electron beam to that emitted from 
within it. The lines which show this effect most clearly in helium are the 
lines for which the upper state of the atom is an state and these all spread, 
to about the same extent, independent of the voltage of the exciting elertron 
beam. Second in order of spreading are the lines for which the excited atom 
is in an n ®D state, and in this case it is observed that the degree of spreading 
increases with n. For the other helium lines the spreadmg is very slight, 
though it almost certainly exists lor alL In mercury, a casual observation 
has shown that the resonance line (1 ^S~2 ^P) 
spreads extremely strongly, and a number 
of the other lines spread to a less extent. 

A photograph, taken with the s|K'ciro- 
graph slit perpendicular to the electron 
beam is given for helium m Paper I (fig 3), 
and shows the spreading lines very cleaily ; 
and a photometer curve, fig. 1, showing 
a spreading and a non-spreading line photo- 
graphed using the same electron beam shows 
the magnitude of the effect. The line 
X 6016 represents the transition (2 — 3 ^P), 
and the line X 4713 (2»P---4«S). The 
distance between the two vertical lines 
corresponds to 1 mm m the apparatus. 

The pressure was 0 • 044 mm, and the volt- 
age of the electron beam 36 volts The spreading, how^ever, is found 
to bo rather insensitive to both these (quantities. 

The spreading is associated, in the case of the helium lines (2^S— w^P) with 
a non-proportionality of the curves of light intensity plotted against the gas 
pressure. In fact, as fig. 6 of Paper I shows, the experimental results can 
roughly be fitted to a straight line, which, howcvi^r, does not pass through the 
origin of the co-ordinates. The line (2 *P— 4 ®D) shows a similar character- 
istic. The curves of light intensity plotted against current, on the otb'r hand, 
show proportionality. In this way it is made evident that no double electron 
impact processes are concerned m the spreading. In particular, any effect 
from metastablo atoms is ruled out as an explanation of the spreading of the 
^P and ®D lines, though it may possibly be involved in the slight spreadmg 
which most of the other lines show. 



Fig. 1. 
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This conclusion was further verified directly by an apparatus providing two 
beams of electrons parallel but 6 mm. apart, one of 60 volts and the other of 
22 volts. The 22-volt beam alone produced no light, but when the GO-volt 
beam was started the slow beam showed a trace of 3889 (2 ®S — 3 ®P). This 
shows that the (2 ®S — 3 ^P) radiation was slightly absorbed in the 2 meta* 
stable atoms produced by the slow beam, and was then agam radiated. There 
was, however, still no trace of (2^S~3'P) radiation from the 22-volt beam 
but, as this might be due to the low efficiency of 22-volt electrons for pro- 
duemg 2 metastables compared with 2 states, a further test was carried 
out by illuminating the electron beam by an intense hidium arc. No effect 
on the spread was observed, showing that absorption and re-c'imssion of those 
helium lines transmitted by the glass window of the arc is v(*ry small. 

A further possibility is llie formation of helium ions which, owing to their 
long life, can diffuse out of the eh^ctron beam with eventual recombination and 
radiation The apparatus <lescribod in the previous paper proved, however, 
that spread due to this must b(‘ negligible. 

In the case of Hg, we have at present no corresponding data and it is quite 
possible that metastable atoms are involved for some of the lines. We shall 
therefore consider only the He lines, for which we have sufficient data to put 
forward a theory of the effect. But tlie case of the Hg line 2637 (1 ^8—2 *P) 
IS very suggestive because thia is an absorption line of Hg. It is known that 
the absorption coefficient of Hg vapour, even at a very low pressure, is extremely 
high for this lino when it is produced under conditions which preclude any 
considerable broadening of the line. Now in the electron tube used, working 
with a pressure of 1/lOOOth of a millimetre in the case of Hg, for the study of the 
ex(‘itation potentials, this condition is very well fulfilled. It is therefore 
certain tliat the spreadmg of the line 2537 xa duo to the absorption of the 
radiation initially excited by electron impact, by those parts of the Hg vapour 
which he outside the electron beam. The absorbing atoms will subsequently 
re-emit radiation of the same wave-length. The effect therefore is that, 
viewed by the hght of X 2637, the whole gas will be seen to glow. 

This gives a useful clue to the spreadmg effects m He For a somewhat 
similar mechanism will account for the spreadmg of the (2^8— lines of 
helium. Hero the n^P levels are excited by direct electron impact and radiate 
partly the line (2*S--n^P) and partly (1^8— -w^P). The latter radiation is 
absorbed by atoms at a distance from the beam, raising them to the n^P 
state and these atoms agam radiate the (2^S--n^P) and (1*8— n^P) light. 
As the (1 *8— rt*P) radiations lie too far in the ultra-violet to be photographed, 
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their spread cannot be observed, and it is the (2 ^S— n^P) lines which show the 
observed spreading. 

In this way a simple explanation of the spreading of the (2 ^S— n^P) lines 
is obtamed. This explanation is the basis of the statement made in Paper I 
that the excitation functions of the ^P states are not affected by the existence 
of the spreading effect ; for each quantum of light emitted may be traced 
back to tlie excitation of an atom into ^P state m the beam. We shall now 
proceed to a detailed examination of the various effects associated with the 
spreading of the (2 ^S— n ^P) lines m terms of the absorption theory. 

If we compare at very low voltages the intensities in quanta of the (2 ®P— 5 
and (2 ^P--6 ^S) lines we find that the probability of exciting the 6 state is 
approximately twice that of exciting the 5 state. The same ratio between 
the probabilities of triplet and singlet excitation is obtained from the observed 
intensities of the (2 *P— 4 ®D) and (2 ^P— 4 ^D) lines. We might therefore expect 
that, at low voltages, there would be about twice as many atoms excited to the 
n ®P state as to the n ^P state. If so, the intensity of the (2 ^S— 3 ^P) radiation 
should be about 24 times less than the (2 ^S— 3®P), because of the preferred 
transition (1 3^P). Actually a triplet singlet ratio of only 6 : 1 is found, 

and this imexpectedly small value is explained on the absorption theory. 
It was stated above that excited w^P atoms radiate partly the (l^S— n^P) 
line and partly the (2 n^P) line, and that the former is absorbed by atoms 
in the ground state which later rc-enut. The absorption will not, however, 
be complete, and the proportion absorbed within a radius r is given by 
where is the atomic absorption coefficient for (l^S— 3^P) radiation, and 
n the number of atoms per cubic centimetre. If / is the total probability of 
an excited n^P atom falling to tbti 2^S level, and (1 — /) the probability of 
falling to the 1 level, then the total number (Q) of quanta of (2 ^8—3 ^P) 
radiation emitted is roughly given by the infinite scries 

Q - N {/+ (1 -/) (1 - e-«-a)/+ (1 ...} 

g/_ 

i-(i -/)(i 

where N is the number of excited 3 ^P atoms in the electron beam. We have 
assumed here that after absorption at any point in the gas, the radiation is 
always re-emitted from the centre. This will certainly not be accurate, but 
an exact calculation is very difficult. 

Thus we obtain a large increase in the observed intensity of (2^S— 3^P) 
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line owing to the absorption of (l^S— 3^P) radiation and the emisBion of 
(2 ^S— 3 ^P) radiation by atoms outside the beam 

It is now possible to explain the form of the intensity pressure curves ob- 
tained for the lines which show spreading. Since N la proportional to the gaa 
pressure (p), we have 



1 -( 1-/)(1 - r — ) 

The ooeflicient / is given by 

f = “^32 

-^31 H' ^32 

where Agg, Ag^ are the Einstein Transition probabilities for the 3 -'-2, 3-+1 
switches 

The probabilities may be approximately calculated by taking the He atom 
as hydrogen-like and using the fomiulse of Gordon.* Suitable screenmg con- 
stants are used for the upper and lower states and a corn‘<5tiou amountmg to 
multiplication by a factor of 2 is applied m the case of Ag^ on account of the 
equivalence of the two electrons in the ground state. We obtain the valu*' 
0-08 for /.f 

Using this value, a curve agreeing very well with the observed intensity- 



pressure curve IS obtained, fig, 2, if we assume an atomic absorption coefficient 
for the (3 -*■ 1) resonance radiation of 2-3 X 10“^. The asymptotic portion 

• ‘ Ann. Phyaik; vol 2, p. 1031 (1930). 

■f The const-iinta C of Gordon, corrected both for screening and equivalence, are for 
hebum U’34- and 3 0 The oorresponding values for h^'drogen are 0*52 and 3*07. 
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(A) of this curve corresponds to strong absorption due to the high pressure, 
when every atom excited to a 3^P state leads eventually to a quantum of 
(2^S— 3^P) radiation. The portion (B) near the origm corresponds to 
iK'gligible absorption. 

This absor{)tion coefficient is of the right order of magnitude to explain tlu* 
observed fall off m intensity m the spreading cui’ve, fig. 1. Though the actual 
absorption coefficionts at the pressures used are quite appreciable, their effect 
on spreading is rather small compared with the 1/r fall off due to the geometry 
of the apparatus on account of the smallness of/. Thus no great change will 
be found m the spreadmg curves taken at different pressures. It was observed 
experimentally that the spieading curve does not depend much on the 
jiressure 

Wc may go a step further and compare the observed absorption coefficient 
with a calculated value. It may bo shown that the value of the atomic 
absorption coefficient for tlu* rcsonaiuie line, is given by 


8\/27i Av ’ 


( 1 ) 


(/n ftiid 9i are the weights of the upper and lower states ; in our case, gjg^ is 
3. A„i IS the Emstem coefficient for the transition n ^ 1, and Av is the actual 
breadth of the line. For this, the natural breadth Avg = 2A„„j may be 

m 

inserted or any other breadth, such as the Doppler breadth, to suit the problem. 
The formula applies only when the emitting atoms are subjected to the same 
broadening influences as the absorbmg atoms, as in the case under considera- 
tion. It must also be borne in mind that it gives only the initial absorption 
coefficient, since the centre of the line is most heavily absorbed, and so the 
shape of the line does not remain constant. The absorption coefficient there- 
fore diminishes as the radiation passes through the gas. The formula (1) is 
derived from the obvious expression for t^, namely, 


where p„i is the probability of an absorption transition 1 in a field 
of radiation of total density corresponding to the frequency of the n -»■ 1 
transition. The quantities A„i, may be expressed as integrals over the 
line breadth in terms of partial coefficients a„i(v), 6i„(v), which give the tran- 
sition probabilities for defined frequencies. Using Einstein relations between 
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b^i and 61 ^, and also assuming a Gaussian form* for the shape of the line, 
we come to the above result. 

Calculating m this way and substituting for the Doppler breadth we reach 
a value for which is some 40 times greater than the value obtained from the 
experimental results. We have seen that tlie calculated value represents 
only an initial absorption coefficient ; at the actual pressure m the apparatus 
the effect of tlio self-reversal must certainly be considerable. It seems 
unlikely that any colhsion process or perturbation can, under the experi- 
mental conditions, reduce the absorption coefficient by giving the line an 
extra broadening comparable with the Doppler broadening. And, therefore, 
though the effect of the self-reversal is hard to estimate, we think it may be 
assumed to account for the discTej)ancy. 

Wo may thus claim to have formed a fairly complete theory of tlie spreading 
of the (1 — n^P) lines of helium. We must now go on to the case of the 

(2 ®P — n ®D) lines, which spread appreciably, though to only about half the 
extent of the n ^P lines. It is clear at the outset that the explanation for these 
lines must be qmte different from that for the hues, because the n^D 
lines cannot possibly be associated with any absorption effects of the normal 
helium atom. Further we have seen that any effects concerned with meta- 
stable atoms or ions arc ruled out on experimental grounds. 

It is therefore obvious that this spreading must be the result of some rather 
unexpected process. The following process seems to us after a careful examina- 
tion of every alternative, to provide the only way of explaining the facts. It 
IS based on the approximate equality of the energy values of the n ®D terms 
with the corresponding n ^P terms. The energy difference between the 4 
and 4 ®D levels is 6 millivolts, while between the 7 and 7 ®D levels it is only 
1 -4 millivolts. This energy difference is much less than the energy of thermal 
agitation. We have stated that the degree of spreading for the n ®D lines also 
increases with n. It is therefore tempting to suppose that the process 

He (1 IS) + He (n iP) He (n ^D) + Ho (1 ^S) 

(and, of course, the reverse process) can occur in a collision between a normal 

* It has bten pointed out to uh by Professor R H. Fowler, F.R.S., to whom we axe 
indebted for much discussion of the formula (1) that the adoption of the Gaussian form for 
the natural breadth is not correct. Wo ought to use the form of the radiation emitted by 
a damped classical oscillator (see Weisskopf and Wignor, ' Z. Physik,* vol. 62, p. 54 (1930) ). 
The effect dn{l)is, however, only a small alteration of the numerical constant, and as the 
Gaussian form must be adopted for the Doppler breadth, we have retained it throughout. 
The formula (1) is therefore only an approximation. 
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and an excited helium atom, the extra energy being taken from the kinetic 
energies. If this process is possible, since we have a supply of n^P atoms 
distributed everywhere in the gas, the spreading of the n *D lines would follow. 
Since the mean life of an atom in the n^P state is only about 10“® seconds, we 
have to suppose that the effective diameter for the collision process (n ^P n ®D) 
must be fairly large. 

Assuming that an atom in a ^P state has durmg its life-time a chance of 
1/lOth of making a collision which gives rise to a ®D atom, we obtain for the 
collision radius of the process the value 1*2 . 10"’ cm. From the observed 
intensities the value 1/lOth must be of the tight order of magnitude and the 
result can hardly lie outside the range from 1 to 2 . 10“’ cm. This collision 
radius is about the same as the radius of the atom in its 5th or 6th 
excited state. 

We proceed to an examination of the way in which it may account for the 
observed facts. In the first place, lines of th(* series (2 ®P — n *D) show similar 
intensity-pressure curves to those for the series (2 — n ^P) which are illustrated 

in fig. 2. Further, as may be seen from fig. 11, Paper I, the observed intensity- 
voltage curves for the (2 ®P — n ®D) linos show a type of double maximum. The 
observed curves seem to be compounded of two, one with an early maximum 
like a triplet excitation curve, and one with a late maximum like a singlet 
excitation curve. On the theory put forward, tlie first type of curve represents 
the true excitation function into the *D state ; the second would represent a 
spurious excitation into a ^P state. The fact tliat the predominance of the 
second kind of curve, as well as tlie spreading itself, increases with n may be 
taken as a strong confirmation of our point of view. 

The question arises whether any evidenct* of similar collision processes in 
helium can be found. Since all the states n^P, w^D and are in close 
resonance for large values of n, the processes to be considered are (w 'P » *0), 
(n^P->w^D), (w^D ►«®D), and the reverse processes. The first is that 
already dealt with and, as we have seen, shows itself most clearly in two ways, 
(a) m the spreading effect, and (b) in the double peak of the ®D exc itation curves. 
For a process (A -> B) to show itself in cuthor of theses ways, a considerable 
excess of atoms in the A state over those in the* B state is required at the 
relevant voltages. Thus the excess of ft atoms over n *D atoms at 100 
volts is about tenfold and both effects arc* <*lear. For the reverse processes 
(n*D -►«'P) and (n^D w'P) and also for the processes (n^D n*D), this 
excess does not exist at any voltage, and so no traces of these processes could 
be seen. An excess exists in the case (n ^P w ^D), but here the excitation 
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curves are too similar for any effect on them to be seen. On the other hand, 
a spreading of the lines (2 — n ^D) is actually observed, although it is smaller 

than the spreading of the lines (2*P — w*D). The process (n^P-^n^D) 
may thus occur with a rather smaller frequency than that suggested for 
(n^P-^n*D), but the evidence is not conclusive. 

Finally, it is of interest to compare our process («^P *D) with similar 

processes reported by other observers. In our case, only identical atoms are 
involved and this appears to be a novel characteristic. Connected with this 
is the extreme closeness of the resonance which, as far as we know, has not 
been approached in any other case. 

Resonance collision processea are generally observed when normal atoms 
strike metastable atoms, and can mostly be interpreted as involving a simple 
election exchange. The fact that in our case the metastable atom is replaced 
by an unstable excited atom makes the type of process unusual ; and, further 
the process cannot be regarded as due to exchange. 

The process most similar to ours is, as far as we know, one found by Beutler 
and Eisenschimmel* in a mixture of mercury and krypton. The process is 

Hg (1 iSo) + Kr (2 - Hg (6 + Kr (1 ^So), 

and occurs with a resonance defect of 19 m.v. This process also involves 
an unstable atom Kr(2 •?!) ; and a further similarity is to be observed, 
namely, that here also the total spin of the colliding atoms is not conserved. 
Wignert originally proposed the rule that in collision processes the total spin 
(defined as a possible vectorial sum of the spins of the two atoms) must be 
conserved, if one neglects the coupling between orbital and spin momentum. 
Beutler and Eisenschimmel were able to show m the case of mercury-krypton 
mixtures that this rule is more strictly obeyed when the colliding krypton 
atom is metastable than when it is unstable, and they suggest that the breach 
of the rule is in some way connected with the dipole moment of the unstable 
atom. But the case of mercury and krypton is not a very good one from the 
point of view of the theory since intercombmation lines are strong, and there- 
fore the basis of Wigner’s rule is not satisfied. 

In our case, however, Wigner’s rule is also violated ; and in helium the spin- 
orbital coupling is negligible and so the basis for the rule would seem to bo 
firmly established. Indeed, in spite of the fact that the resonance is much 
better than is usual m collision processes, it is hard to visualise what forces 

♦ ‘ Z. phyi. Chem.,* vol. 10, p. 80 (1930). 
t * Naohr. Go« Wiss. Gottingen,' p. 375 (1927). 
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can be responsible for tunung round the spin of the electron. The process 
proposed seems therefore to be fundamentally distinct from any hitherto 
observed collision process. Yet, os far as we can see, there exists no alternative 
supposition which is capable of explaining the facts. 

It might be thought at first sight that a similar process could bo involved 
in the spreading of the (2 n^P) lines, which has been explained by absorp- 
tion. That is to say, that the excitation might be handed out from atom to 
atom by collisions without the emission of radiation. It is easily seen, how- 
ever, that such a process would have no such effect on the spreading, because 
the probability of the emission of a quantum is an exponential function of the 
time ; and after the collision the decay curve will continue unchanged. Thus, 
apart from effects due to scattering which tend to keep the bght confined to the 
beam, the colhsion process cannot affect the spreading. We may thus conclude 
that spreading is primanly due entirely to light absorption. 


3. The Process of Excitation, 

In Paper I, a comparison has already been given between observed excitation 
of helium and the results of the calculation of Massey and Mohr,'*' and it was 
seen that though there is some general agreement between the observed and 
calculated effects, any detailed agreement is lacking. In the paper quoted 
they have used the method of Dirac, which admittedly is not strictly applicable 
to the case of low electron velocities, which is required for the present purpose. 
Recently, however, wo are informed by these authors that they have tried the 
application of the methods of Holtsmark and Faxen without any better 
success. 

While it 18 perhaps open to doubt whether any of the existing mathematical 
methods are capable of dealing with the problem, the following discussionf 
based on general idea, though crude and qualitative, may perhaps be not 
altogether superfluous. At any rate it has the advantages of giving an easily 
visualised picture of some aspects of the excitation process, and of providing 
an accurate account of some features of the excitation. 

The view we shall put forward is based on an admittedly rather arbitrary 
division of the excitation process. Wo shall regard it as divided into two parts 
(1) an energy transfer from the exciting electron to the atom and (2) an angular 

• * Proo. Roy. Soo.,’ A, vol. 132, p. 605 (1931). 

t Thii is a development of a tentative suggestion put forward by the authors in ' Nature,’ 
vol. 123, p. 826 (1929). 



196 


J. H. Lees and H, W. B. Skinner. 


momeatum tranafer. We ahall fix attention mainly on the latter. This may 
again be split up into two parts : (a) transfer of orbital angular momentum, 
and (6) transfer of spin angular momentum. We may justifiably regard these 
two parts as separatdy conserved, since the coupling of the two is very weak in 
helium. By making these assumptions a qualitative theory of some aspects 
of the polarisation of mercury lines, excited by directed electron impact, was 
found possible.* 

Let us first attempt a comparison between excitation to an and an 
n^S level. In each case a certain energy transfer is necessary If w > 1, the 
energy transfer is nearly the same in the two cases. No transfer of orbital 
angular momentum is required in either case. For excitation to the *S level, 
however, the antisymmetrical electron spin arrangement of the 1 ground 
state must be changed to a symmetrical arrangement ; this may be regarded 
as an exchange between an atomic electron and the excitmg electron. The 
probability of such an exchange will depend on the closeness of approach of 
the electron to the atom, and on the duration of the collision. Thus, if the 
electron has an energy only slightly m excess of the excitation energy, the 
duration of the collision will be long, and the probability of exchange high. 
When the electron has a higher energy the collision time will be shorter and 
exchange will not be so probable. Thus wo may expect that at low voltages, 
the probability of excitation into n and n *S states will be roughly equal ; 
but when the voltage is increased, we may expect the excitation probability 
into the state to fall off more rapidly. In this simple way we can explain 
the characteristic difference between the obsers'^ed excitation curves for singlets 
and triplets. 

We shall next take the case when no transfer of spin momentum is required 
and compare the excitations into n^S, n^P and n^D levels. If Vj, V, are the 
incident and emergent electron velocities and the corresponding striking 
radii, then in excitation we must have 

where 61 is the change in the quantum number I in excitation, and so equal 
to 0 for excitation, to I for ^P, and to 2 for ^D. 

An exact solution of this equation is impossible without a more detailed 
consideration of the process. But it may be seen that while for the excita- 
tion, no limitation on the closeness of approach in the excitation collision is 

• Skinner and Appleyard* * Proo. Roy. Soo.,’ A, vol. 117, p. 224 (1927). 
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imposed, in the case of the and levels a definite limitation is imposed. 
We shall assume that excitation is most probable when the distance of approach 
(p) is least. This condition is best satisfied when 

where p and V represent values of p^ and V^, V,. This relation will only 
apply for small velocities ; when the velocity is high, and the value of p 
becomes small compaa^d with the atomic diameter it will certainly break down. 
For example, with V corresponding to 50 volts and AZ = 1, wo obtain 
p = 2-7 . 10“® cm., which is still of the order of the atomic size. 

The application of the above relationship thus sets a limit on the closeness 
of approach for excitation to and levels, and thus wo might expect a 
slower rise of tlic excitation probabilities with increasmg voltage for these 
levels than for levels. This is actually observed. In the case of levels, 
however, there is another factor to be considered which lies outside the scope 
of the present picture. This consists of the fact that transitions to the ^P 
levels are optically allowed. In fact it has been shown by Bethe* that for 
very high exciting velocities, the excitation should be only into ^P states. A 
direct experimental confirmation of this point is difficult because with very 
high voltages the light excited by the primary processes is weak and that duo 
to secondary slow electrons correspondingly strong. However, some con- 
firmation may be seen m the fact that while for excitation to states, the 
ma ximum probability occurs at a relatively low voltage (37 volts) the maximum 
probability for ^P and excitation occurs at voltages of 100 and 74 respectively. 

We finally come to the case where both spm and orbital angular momentum 
transfer is required. We shall consider excitation into n ^S, n *P and n *D 
levels. Comparing each with the corresponding smglet state, we shall expect 
that owing to the necessity of exchange phenomena, the maximum probabDity 
of excitation will occur at a lower voltage for the triplets. This is in fact 
observed. Comparing the triplets amongst themselves, we shall expect, as 
with the singlets, a progressively slower rise of the excitation curves for n *S, 
n ®P and n *D states. Here, however, we have no added complication from 
any of the transitions bomg optically allowed, and it is actually found that the 
maximum of the excitation curves fall at progressively higher voltages (30, 
32 and 34 volts). We may point out that this progression is opposite to that 
predicted by Massey and Mohr {loc. cU,). 

♦ * Ann. Phyaik/ vol. 6, p. 326 (1930). 
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In conclusioti, we must again emphasiee the linutatione and dangers of this 
type of reasoning. The only value of our oonsiderations is that they are able 
to predict the general shape of the curves obtained from an easily visualised 
picture of the process. 


/Summary. 

(1) When a defined beam of electrons is passed through helium at a low 
pressure, it is found that the light emitted in the lines (2^S— n^P) and 
(2*p— n®D) 18 considerably spread outside the electron beam. An inter- 
pretation of this effect is given. The spreading of the (2^S— n^P) lines is 
ascribed to absorption of the correspondmg resonance Imes (PS— by 
the gas, while the spreading of the (2 ®P— n *D) lines is ascribed to a collision 
process 

He (n iP) + He (1 ^S) = He (1 ^S) + He (n »D) 

which involves only a small energy transfer. Corresponding anomalies in 
the intensity-pressure curves and excitation curves for these lines are also 
interpreted m this way, 

(2) A rough qualitative picture of the excitation process m helium is given. 
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X-Ray Absorption Coefficients in the Range 0*3 to 2*0 A. 

By L. H. Martin, Fh.D., Senior Lecturer, and K. C. Lang, M.Sc., Dixon 
Scholar, University of Melbourne. 

(Communicated by T 11. Laby, F.R.S — Received February 22, 1932.) 

An account is given of two methods which have been devised in an attempt 
to eliminate some of the experimental difficulties associated with the measure- 
ment of X-ray absorption coefficients. Although the accuracy claimed for 
those measurements does not represent an improvement on that claimed. by 
previous workers, it is hoped that the methods possess some features of interest, 
and it is believed that the data obtamed, even where they refer to materiak 
previously investigated, arc of value in a held of measurement remarkable for 
the lack of agreement between difierent workers. 

In the first method ionisation chambers are used for the measurement of 
intensity, the wave-lengths investigated Ijong within the range 0*3 A. to 
0*6 A. In the second method the photographic efEect is used for the com- 
parison of X-ray intensities, and the wave-length range is extended to 2*0 A, 

When the X-ray source is a tube excited by a transformer connected directly 
to a commercial A.C. supply, it is difficult to maintain steady conditions while 
the ratio of the incident and emergent intensities is determmed. This is 
especially so when a demountable type of tube is employed. The effect of 
variations in the intensity of the source has been overcome to some extent 
by the use of balance methods,* but these usually suffer from a lack of sensi- 
tivity, which could only be improved by increasing the widths of the spectro- 
meter slits, and so sacrificing homogeneity in the X-ray beam diffracted by the 
crystal. If two similar beams are employed the procedure of balancing can 
be very tedious, since a slight wandering of the focal spot on the target of the 
X-ray tube produces a continual shift of the electrometer zero. Further, 
it is essential that the wave-length of both beams shall always be the same, a 
requirement which is not easily fulfilled in the short wave-length range where 
the angles of incidence are small. 

Fabt I.— Ionisation Balance Method. 

The first part of this paper describes measurements made by an ionisation 
balance method in which one beam of X-rays only is utilised. 

* Siegbahn and WingArdh, * Phya. Z.,* voL 21, p. 83 (1920) ; Wingirdh, * Z. Fhyaik,* 
vol. 8, p. 363 (1922) ; Stoner and Martin, * Proo, Roy. Soo.,* A, vul. 107, p. 312 (1923). 
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A beam of X-raya of small wave-length range selected by diffraction in a 
oaloite crystal, passed through two ionisation chambers placed one behind the 
other. The ohambeis were rigidly mounted, beams of different wave-length 
being obtained by moving the tube. Between the chambers a rotating sector 
of variable aperture was mounted together with a frame for holding the 
metal foils. 

Balance was first obtained with the absorbing foil in position, the gases in 
the chambers being mixed with air m the right porportion to give approxi- 
mately the maximum transmission of the sector (0*497). The foil was then 
withdrawn and the sector again adjusted to produce a balance. If T^ and Tj 
are the transmissions of the sector with the absorber in and out of position 
then 

(|i/p).m -2*303 log T 1 /T 2 , 
where m is the mass per unit area of the metal foil. 

ExperimerUal Details 

The arrangement of the apparatus is shown in fig 1. 



Fxa. 1. 


The ionisation chambers were constructed of glass tubing 6 cm. in diameter 
with windows of cellophane, all joints being made air-tight with rubber gaskets 
so that the chambers could be exhausted. The first, C^, was 16 cm. long and 
contained either sulphur dioxide or ethyl bromide, while the second, Cj, was 
26 cm. long and contained methyl iodide. Ionisation currents of opposite 
sign were obtained from the chambers, and were led to a common pair of 
quadrants of a Compton electrometer working at a sensitivity 10,000 mm. per 
volt. Small insulation leaks were balanced out with the aid of an artificial 
leak produced by a uranium oxide resistance. The X-ray source was a broad 
focus Mueller tube which, after being adapted for continuous water cooling, 
could dissipate continuously nearly 1 kilowatt. 
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With a tube slit 0*10 mm. wide, 1® of the sector was equivalent to an ionisa- 
tion current producing a deflection of two divisions per minute. This seriously 
limited the accuracy, and an enquiry as to the effect of increasing the slit 
width was made both experimentally and by calculation. 

The effect of increasing the slit width R| is to increase the range of wave- 
lengths in the beam incident on the absorber. If the width of the tube slit 
8} is 2ty whilst the linutmg slit of the ionisation chambers is 2a (a » 0*10 cm.) 
distant D (20 cm.) from the tube slit, it was found that the ratio of the 
energy incident <m the absorber to the energy entering O 2 should be 
independent of t for slit widths less than 0*6 mm. This bmit was determined 
by the angular width of the focal spot. 

The extent to which this conclusion is justified experimentally is shown in 
Table I, which gives the mass absorption coefficients for Xq = 0*448 A, 


Tabic I. — ^Absorption Coefficients as a Function of L 


Skt (1). 

Fe. 

Ni. 

Cu. 

Mo. 

Pd. 

1 Ar. 

1 

mm. 

U<60 

1 

10 1 1 

' 13 2 

I 

14 1 

34 7 

425 

47 9 

0 

10 0 ' 

1 13 0 

1 13 8 

35 1 

43-7 

496 

0 10 

! 10 1 

i ! 

13 4 

1 

1 13 8 , 

1 ' 

1 36 * 

1 1 

44-3 

1 

61-2 


It has been assumed in the above calculation that the ratio of the ionisation 
to the intensity of radiation is independent of the wave-length ; this is legiti- 
mate if the tube is operated at such a voltage that the maximum of the general 
radiation coincides with the nominal wave-length Xq. Ulrey,* and Wagner and 
Kulenkampfff have shown that the wave-length X,„ of the maximum intensity is 
given approximately by X„, = |X^, where X^ is the short wave-length limit of 
the continuous spectrum. The tube was operated therefore at a voltage 
V KV given by 

^0 

This value of the voltage is compatible with the requirement that there shall 
be no second order radiation diffracted into the chambers. Care was also 
taken to adjust the position of the tube so that the beam entering the chambers 
was symmetrical about the angular position. 

• * Phy». Ilov..’ vol. 11, p. 401 (1018). 
t ‘ Phys. Z.,’ voL 23, p. 503 (1922). 
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The values of the coefficients shown in Table I are for the wave-length nearest 
the K absorption edges of palladium (Xk= 0-606 A.) and silver (Xr = 0-486 A.). 
If the range of wave-lengths reflected is determined by the geometry of the 
apparatus, the longest wave-length reflected is 0-486 A., for the widest slit, 
so that in every case with the exception of silver, wave-lengths longer than the 
critical wave-length should be excluded. The low values for the wider slits 
in the case of palladium and silver indicate that some of these wave-lengths 
arc entering the chamber Cj after traversing the absorber. Assuming a K 
absorption jump* of 7 for silver, the amount of radiation of wave-length longer 
than Xk necessary to account for the difference of the values for slit widths 
0-26 mm. and 0-10 mm. is some 2 per cent, of the total beam. It seems 
probable that this amount could be scattered from the inner surfaces of the 
slit jaws. The amount scattered which ultimately falls on the crystal surface 
would decrease as the slit was narrowed. 

Since the value of (x/p measured is independent of slit width provided the 
precautions mentioned above are observed, preliminary settings wore always 
made with the widest slits, and the balance points checked with the narrowest 
slit 0-10 mm. 

A battery-dnven generator set was available for short intervals on a couple 
of occasions, and it was possible to determine the coefficients by the direct 
method for the 0-1 mm. slit, and check the results obtamed by the balance 
method. 

The final values of p,/p obtained for the different absorbing materials used 
are shown in Table 11. 


Table IL— Values of p./p for slit width 0-1 mm. 


Wave-langth. 

Fe. 

Ni. 

Cu, 

Mo. 

Pd. 

Ag. 

i. 

0-320 

3-86 

4-00 

5-20 

14 0 

17-7 

20-4 

0-387 

690 

8 65 

9 >25 

23 0 

29-6 

34-2 

0 448 

j 10 1 

13 2 

13-9 

36-4 1 

44*3 

51-2 

0-606 

15 0 

18-7 

19-6 

49 4 





19*6 

24-3 

26-8 

64-8 

12-5 

14 2 

0 - 5G6 

23-6 

1 

29-3 

31*1 

*— 

14*5 

17-0 


While the method above possesses advantages, it still suffers from a weakness 
inherent in all balance methods. The balance is determined by measuring 
the ionisation cunents when the balance is disturbed first in one direction and 

* *' Hsndbnoh dar EbqMrimeatslpliyilk,*' vol. 24, part 1, p, 267. 
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then in the other so that the necessity for maintaining the source constant 
is not wholly ehrumated. In the second scries of measurements the apparatus 
was essentially the same as that used by Stoner and Martm (loc. cii.), with the 
exception that the ionisation chambers are replaced by a photographic film. 
This integrates the energy falling on it, and so can be used in such a manner 
that the effects of source variations are elimmated. 


Part 2— Photographic Balakce Method. 

Two beams of X-rays are limited by slits Sj and S 2 , giving two short spectrum 
lines Li and Lj of the same wave-length one above the other, as shown in fig. 2. 
A foil, mass per imit area is interposed in the path of one beam, and an 

L. 

L. 

If^o. 2. 



aluminium foil, mass per unit area in the path of the other. If P is the 
incident intensity m each case, and and are the emergent m tensities 
respectively, then 




m. 



Actually no attempt was made to ensure that the incident intensity was 
accurately the same for each beam. A picture of the emission Ime was taken 
with the absorbing screens withdrawn and the mtensities of and L| measured. 
If I,® and I^® are the intensities, the final expression for ([a/p)* is 





The value for (ix/p)^, was taken from measurements made by a number of 
workers.* The best representation of the values available in the wave-length 
range 0*4 A. to 1 -9 A. was found to be 


[x/p = 14-3 

This is almost identical with the expression [i/p = 14'0 given by Allonf 


* *' Handbuch der Experimentslpbysik." loc, cU,, p. 231. 
t ‘ Phys. Rev.,» vol. 28, p. 907 (1926). 
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for a range of wave-lengths extending from 0*08 A. to 3*93 A, and the 
expression (x/p = 14*3 X* found recently by Baokhurst* for the wave- 
length range 0*6 A. to 2*0 A. 

Experimental Details, 

A demountable typo of X-ray tubef was used, the target of which could be 
readily changed to give suitable characteristic radiations. These wore 
analysed with a calcite crystal and registered on the photographic film as the 
correspondmg line spectrum. The wave-lengths of the principal lines have 
been measured accurately in special precision spectrographic work,{ so there 
can bo no doubt of the wave-lengths used. 

Soon after these measurements were started, the authors were made aware 
of an extensive series of measurements carried out by Jonsson§ in which a 
photographic method had been used. He arranged a rotating disc to cut out 
different fractions of the reflected beam, and matched the density of the line 
transmitted through the absorber. This method has the advantage of measuring 
absolute coefficients, but the procedure is rendered somewhat lengthy by the 
number of photometer records which have to be made. The use of a rotating 
disc also limits the measurements to one line per exposure. The method 
described here has the advantage that several Imes can be recorded on one 
film simultaneously. 

Some X-ray intensity measurements! | carried out in this laboratory in 
coimection with chemical analysis, indicated that greater accuracy than that 
obtained by Jonsson — probably in many cases less than 3 per cent. — should 
bo possible, and it was decided to continue this work and investigate tho 
possible accuracy using a photographic method. 

Photographic MeasuremerU of Intensity, 

The film used was Agfa double coated X-ray film developed in a metol- 
hydroquinone developer recommended by the makers, care being taken to 
carry out the development always at 18° 0.> and to agitate the film during 
development. Slight variations in the film have little effect as a result of 
the procedure adopted. The intensity of a beam of X-rays, I, is related in a 

* * Phil. Mag.; vol. 7, p. 353 (1929). 

t Martin, ‘ Proo. Camb. Phil. Soo.; vol. 23, p. 783 (1927). 

X Siegbahn, “ X-ray Speotrosoopy ” (1926). 

S ** Dissertation;' Uppsala (1028). 

II Eddy and Laby, ' Proc. Roy. Soo.,* A, vol. 127, p. 20 (1930). 
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definite manner with the dcnflity D produced by it on a photographic film. 
Density is defined as logio h/h* where is the intensity of a beam of light 
after it has passed through the film exposed to general radiation on either 
side of the line and is the intensity of this beam after it has passed through 
the line. A Moll microphotometer was used for the measurement of the 
densities. 

The following procedure was adopted in determining the relation between 
I and D. The double slits were replaced by a triple slit system. Aluminium 
sheets of known thickness were interposed in the path of two of the three 
beams, thus cutting down the mtensity of these by known amounts. An 
exposure was made, then the film holder was moved slightly, and a second 
similar exposure made, with new thicknesses of aluminium. Usually three 
such exposures were made on each piece of film, the tube emission being held 
as constant as possible during the exposures. Variations of emission which 
did occur were sliglit, and could be allowed for from the measured density of 
the xmabsorbed beam for each exposure. 

The film was calibrated for three wave-lengths namely, 1*537 A. (CuK„,), 
0*668 A. (Ag K*,), and at the bromine K absorption edge 0*918 A. For this 
last the Jjy^ (0*924 A.) and (0*901 A.) lines of gold were used, the bromine 
edge lying between the two. The points obtained with each radiation, when 
D is plotted agamst log I, fall on a smooth curve over the range of densities 
measured, that is, from 0*1 to 1*2, and, within the limits of experimental 
error, the curves for the three wave-lengths are identical. In fig. 3 it will be 
seen that the density is proportional to the intensity for densities lower than 
0 * 8 . 

The linear relation between D and I for densities less than 0*8 has been 
observed previously by Friedrich and Koch*** and by Glocker and Traab,*|' 
both of whom used approximately homogeneous radiation. More recently 
Busse^ has obtamed the same result using crystal analysed radiation. The 
independence of the Hurter and Driffield curves of wave-length has been 
established by Glocker and Traub over a range of wave-lengths 0*4 A. to 
1*1 A, They used the K series fluorescent radiations of different elements. 
Bouwers§ has extended the range, using filtered radiations of mean wave- 
lengths 0*18 A., 0*71 A. and 1*54 A. Similar results have also recently 

* * Ann. Phyaik,’ vol. 45. p. 399 (1914). 
t ‘ Fbya. Z..’ vol. 22, p. 346 (1921). 
t * Z. Physik,’ vol. 34. p. 11 (1926). 

§ ‘ Z. Phyflik,* vol 14, p. 374 (1923). 
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been obtained by Rogers* for y rays which were filtered by different thicknesses 
of lead. 

Since the H and D curves for the Agfa film used at the two extremes of the 
wave-length range wore identical with that at the bromine K edge, where any 



inifnMTY 

Pio- 3. 

change of behaviour might reasonably be expected to be most pronounced, 
it was deemed unnecessary to calibrate the film for each separate wave-length 
used in the absorption measurements. 

During the experiments a curious photographic inversion effect was observed. 
The L series lines of gold were registered on a film, but, owing to a breakdown 
of the window of the tube, the bare film was accidently light fogged by the 
filament of the tube. On development the lines appeared as white lines on the 
dark ground of the light fog. It was found, however, that with the same 
relative densities the effect is not produced when the film is light fogged before 
the X-ray lines are registered on it. 

Fig. i shows the photometer curves for the case of the iron K,,, Imes. One 
half of the film was protected, while the other was exposed to a very weak 
source of hght after the X-ray lines were registered. These curves emphasise 
the importance of a safe dark room as the slightest light fog would diminish 


* ‘ Proo. Phy«. Soo.,’ vol. 43, p. 59 (1981). 
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the deneities of difiereut lilies by amounts depending on the relative densities 
of the lines and the fog. 

Absorption Expermenls. 

The following procedure was adopted for the measurement of absorption 
coefficients. The crystal was rocked by means of a heart-shaped cam, and the 
spectrum of the target registered first without the absorbing foils in position. 
The film holder was then displaced slightly and the lines registered after passing 
through the foils. In order to eliminate as far as possible errors introduced 

PHOTOMETER ZfM 

Fe + Li ght Fog 

Demsity 0 q 


-45 


‘55 


^25 




5 



Fio. 4. 

by lack of uniformity m the metal foils, these were mounted just behind the 
crystal where the reflected beam covers the greatest area. The exposures 
were chosen so that as far as possible the densities were less than 0-8 when the 
densities could be taken directly as measures of the intensities. For densities 
greater than this the intensities were calculated from the H and D curves. 

A typical set of results is given in Table III for nickol. 

The ratio was adjusted to keep the difference term as small as possible, 

usually a few per cent, of {|jl/p).. 

The collected results for this experiment are given in Table IV. Log |ji/p is 
shown plotted against log X in figs. 6 and 6, for two typical cases, silver and 
copper respectively. 
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Table III. 

»», = 0'0869 gm. cm."*; m, = 0-830 gm. cm."*; X = 0-608 A. 


Film. 

Density. 

! 

Log intensity | 



(/<//»)•- 

Ig. Iq. 

T 0 T « 

»». * W 

1 

0-S36 

0-683 

0*810 

0*960 

0 646 0 842 

0 684 0 030 

26-3 

-1*3 

24 0 


0*664 

0 591 

0 860 
0-064 

0 066 0*874 

0 688 0 931 

— 

-0 9 

24*4 

2 

~ 

— 

i 

26*3 

-1 2 
-0 6 

24*1 

24 8 

3 

— 

— 

1 

25 3 

0 

-0*2 

25 3 

25*1 






Mean 

24 6 i: 0 4 


Table IV. — ^Values of ^/p from Pbotographic Measurements. 


Line. 

A,U. 

Fe. 

Ni. 

Cu. 

Zn. 

Ag. 

So. 

Fe Ksi 

1*93 1 

71 

93 

98 

106 

_ 

_ 

NiKai 

1*66 1 

427 

62 

65 

77 

— 

— 

(^ KAi 

1*54 

327 

47*3 

49*4 

58*3 

— 

— 

WLa, 

1 49 

— 

— 

46*4 

64*5 

— 


WLoj 

1*47 

286 

332 

46*4 

54*1 

— 

247 

Zn ICq] 

1 43 

270 

322 

42*1 

50 2 

193 

233 

Au La. 

1*20 

— 

— 

261 

36 -O* 

144 

174 

WUJj 

1 28 

— 

— 

— 

264* 

— 

— 

Au La. 

1 27 

194 

230 

254 ! 

— 

136 

166 

WL/1, 

1*24 

184 


231 

265 

126 

153 

WLyx 

1 10 

— 

— 

— 

186 

— 

— 

Aul^, 

1 08 

129 

146 

166 

177 

89 

108 

AuL/3. 

1 07 

120 

130 

167 

166 

83 

105 

Au Lyi 

0*92 

80 3 

97 

110 

120 

57 *0 

66*5 

MoKa. 

0*71 

37*6 

49 

51*2 

58*2 

28*4 

32 6 

MoK^i 

0*63 

28 6 

34*2 

38 1 

— 

20*6 

23*5 

AgKai 

0*56 

20 3 

24*6 

26 8 

29*6 

14*4 

17*5 

AgK/3, 

0*60 

14*6 

17 8 

10 0 

21*4 

10 0 

11*9 

Sn Ka| 

0 49 

13*0 

16*1 

18*5 

20*5 

— 

10 2 

SnKp^ 

0*43 

9*7 

12*2 

1 

12 9 

14*5 

1 

45 0 

8*7 


* Siegbahn in hia “ Speotrosoopy of X-rays.” p 136. quotes for tbe wave-length of the K 
absorption edge of siuo. 1 296 L, (measured by Duane. Blake. Hu. Stenstrom. Trioke. Shinddau). 
and 1*280 A. (measured by Walter). The value obtained from the miocophotometer records 
of these lines agrees exactly with that of Walter. 
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Companion of Results, 

The coefficiPtits for metals common to both experirnenls agree in general 
within the limits of experimental error m the overlapping range of wave- 
lengths. The coefficients can be representetl by ri'lations of the form 
g/p - aX" + by where a, n and h have the values as shown in Table V. 

The accuracy of these experiments is not sufficiently gn^at to justify an 
evaluation of the residual b m most cases. This quantity, usually identified 
with the scattering coefficient, is only of importance, m so far as it affects 
the exponent of X, for the shortest wave-lengths. 

In the case of the four lighter elements, Fe, Ni, Cu and Zn, the results on 
the short wave-length side of the K edge resolve themselves into two parts. 

? 


VOL. CXXXVII.— A. 



210 


L. H. Martin and K. C. Lang. 


Table V. — Values of a, n and 6. 


Element. 

1 

Wave-length lungo. | 

1 

"• ! 

a 

6. 

Fc 

0 3 A. to 0 6 A 

3 0 

111 

0 2 


OCA to A Fi\ 

2 74 

loo 

— 

Ni 

0 3 A. to () 6 A. 

2 97 

138 

0 2 


0 6 A. to A Nir 

2 68 

120 

— 


A Nir to 1 9 a 

2 97 

13 4 

— 

(’a 

0 3 A too oA. 

2 95 

145 

0 2 


0 6 A to A (Vir 

2 74 

130 

— 


A Cur to 1 0 a 

2 81 

15 2 

-- 

/n 

0'4A. toO 7 a 

2 91 

162 

0 2 


(t 7 A to A Zdk 

2 61 

145 

— 


A Zn^ to 1 U A 

2 87 

j 17 6 

— 

Mo 

0 3 A. to 0 « A 

2 75 

1 322 

— 

Pd 

0 3 A to 0 6 A 

2 76 

406 


Ag 

0 3 A to A AgR 

2 75 

470 

- 

1 

A Ag|^ to 0 7 A 

2 94 

78 

— 

1 

0 7 A to 1 4 A. 

2 74 

72 

- 

8n 

ASuitoO uA. 

2 02 

88 5 

0 5 


0 oA to ] sA 

2 72 

8(> 

— 


Near the K edges the exponents of X have values between 2-6 and 2*7, but 
become greater than 2*9 for the shortest wave-lengths When log p/p is 
plotted against log X, see fig. f), the change in slope is quite distinct, but the 
number of points on the curve is not great enough to decide wht'fhor the 
change us an abrupt one. Unfortunately, there are few emission lines which 
can be convtjniently excited in this critical range of wave-lengths This 
change of exponent near tlie K absorption edges in the case of these elements 
was first observed by Allen,* and the value's of n and 5 given m Table V 
are in fair agreement with those given by him Particularly good agreement 
is found in the case of copper with results given by Backhurst,t who finds 
(i/p = 131 X“ for the range 0*6 A. to Xjt, indeed, for this element the 
values of [x/p found by Allen, Backhurst, Jonsson, and ourselves agree to 
within 3 per c(*nt m the ranges of overlapping wave-lengths. 

In the case of Mo, Pd and Ag, the wave-lengtli range is not great, but the 
exponent of X appears to be very close to 2*75. For Mo and Ag, Richtmeyer 
and Bishopt find (x/p = 375 X® + 1 and (x/p = 645 X® + 1 respectively, while 

* ‘ Phye. Rev.,’ vol. 28, p. 907 (1926). 
t ‘ Phil. Mag voL 7 , p. 363 (1929). 
t ‘ Phya. Rev.,’ vol. 27, p. 294 (1926). 
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for Ag, Allen* gives r/p = (540 680) On the other hand, Bragg and 

Peircef in some early measurements found that the total absorption coefficient 
was proportional to X®'^^ Stoner and Martin for silver and palladium also give 
2*5 for the exponent, although as they were forced to use fairly wide slits (up 
to 0*3 mm.) it is probable that this value is slightly low, on account of the 
effect, associated with the use of wide slits near an absorption edge, discussed 
in the first part of this pap<'r It will be noticed that the value given to the 
residual b by llichtmeyi^r is ])robably much greater than the scattering 
coefficient. Since the total absoiption coefficient itself is not very great, this 
would have the effect of glvmg a high value of the exponent. While it may be 
contended that faulty spectrometer arrangements have been responsible for 
low values of n near the K absorption edges of heavy elements, this objection 
cannot hold in the case of iron, nickel, copper and zinc, since the measurements 
were made with spectrum lines, and there can be no question of the homogeneity 
or the wave-length of tliese 

On the long wave-length side of the K edges the exponent ls at first approxi- 
mately 2*9, but for wave-lengths on that side, far removed from the edge, n 
falls to a lower value, of the order 2*7 This change is well shown in fig. 6 
for silver, and is m good accord with the results of Allen for silver and tm. 
Baokhurst, on the other hand, finds that u straight line is obtained wlicm log (x/p 
IS plotted against log X for silver The slope of this hue is 2*79. In view 
of this lack of agrot'ment it is interesting to notice tin* effect which an error 
in p./p produces m the exponent of X Suppose an oiror A produces a change 
S in i e., 

(|jl/p) 4^ A-aX--^ ]-6. 

Then 

8 ^ 1o}t{1 + A/((x/p)}/1ok X 

Since log X occurs m tht' denominator it follows that a systematic error 
in [i/p proiluces values of S of op|)osite sign on each side of X — 1. The 
numerical value becomes large at this point, decreasing rapidly on either side. 
Assuming a 2 per cent error in [i/p, S has the following values : — 

X(A,) 0-6 0*9 1*1 1-5 

S -0*03 -0*2 ^-0*2 +0*03 

It will be seen from this table that there is a maximum uncertainty m the 


• * Phys. Rev..’ vol. 20, p. 2C0 (1920). 
I ‘ Phil. Mag.,’ vol. 28, p. 620 (1924). 
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slope at 1 ‘0 A. This region is a critical one, since it eftectively determines the 
change m the slope of the log (Ji./p — log X curves. 

The photographic measuromonts suffer from the disadvantage that they 
yield relative values only. The percentage error in [x/p is proportional to the 
sum of the errors in and ((x/p)fti. We estimate that tlie values of 

(|i/p)ai used by us have a possible uncertainty of 1 per cent. The error in 
18 always negligible compared with that in We believe that our 

ultimate accuracy was almost wholly determined by that of It was 

impossible to make measurements for Ag and Sn for wave-lengths greater 
than 1 -473 A,, since it was found that lack of uniformity in the metal foils 
available produced large variations in density along the spectrum lines. 

A comparison method possesses one valuable feature. It shows directly 
whether the absorber is following the same law of absorption as the standard 
substance. In the present case 

(i^/pK == logL. 

((a/p).i (t^/p)*! I.' 

If th<* exponent of X is the same for both elements, and the scattering 
coefficient may bo negle(;tod, log y should be a constant. For example, 

in the case of Zn we had 


2 303 

w*a,(/x/p)iil 


. lot? 




A V 

ittr >5 I 1 

1 485 1 

1 473 1 

1 432 1 


257 

0 007 

2C7 

0 014 

257 

0 010 

267 

0 on 


Some measurements were made to give absolute cocfFicicnts using the photo- 
graphic lilm, but it was found difficult to reproduce results to better than 5 per 
cent. In the balance method the effects of variations in photographic film 
and development are reduced to a minimum, coefficients being reproducible 
to at least 2 per cent. Tlic main advantage of the photographic method lies 
m the fact that it deals with a homogeneous beam This is particularly 
important near absorption discontinuities. The photographic effect is a 
cumulative one, making possible the use of faint lines and comparatively thick 
absorbing screens. With care the films form a permanent record. It must be 
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admitted, however, that owin}^ to the time taken in the photometry of the film, 
the method is slow. 

Discussion of Results. 

A number of expressions, theoretical and practical, have been put forwaid 
in an attempt to represent tlie absorption coefficients as a function of the 
atomic number Z of the absorber, and wave-lenj^th X of the absorbed radiation 
Th(‘ simplest of tliese is that derived empirically by Hull and Rice,* Richt- 
ineyer and Warburton,| and Richtme\er,J who find for the short wave-lengths 

(0*1 A to 0*4 A): 

[x/p-aX® + 6 (1) 

Walter§ has extended the use of this formula to represent tlie available 
data in a range of wave-lengths 0 - 1 A to 1 0 A. He states that the following 
values of a represent the available data with an accuracy of tlie order of 5 
to 7 per cent. For 

X <Xk. a-- 1-6 X 10 *Z’'*VA ^ 

X > X|c a 5-29 X Z* / 

H<*re A is the atomic weight, and X is measuied in Angstrom units. The well- 
known theoretical expressions of L de Broghp|] and Kramers^f are of this type. 

There can be no doubt, however, that the departure from the X® law, at 
least in the case of Fe, Ni, (^i and Zri, is a real one. For example, in the 
ease of Fe, extrapolation from a wave-length 0-3 A to Xj^ with a X® law gives 
a value of p/p, which is nearly 20 per cent, greater than the value observed. 
The present experiments show that in the case of the heavy elements also, 
the exponent is less than 3 near their K absoiption edges. This has led J. A. 
Gray** to modify e(|uatiou (1) m the following manner 
For 0* 1 A. < X < Xk: he gives 

- . ^ = 1 •93 X 10 « (1 -1- o.(K)8 Z) ( I -- rV - ) Z‘X» 

p Jj 4 X^ oO X 

for Xk < X < ^ 1 ., (3) 

0-255 X lO'** Z *}? ' 

P 

* ‘ PhvH. Kev.,’ vol. 8, p. 336 (I'JIO). 
t ‘ Ph\s. Rev.,’ vol. 22, p. 539 (l!»23). 

X ‘ Phys. Rev.,’ vol. 27, p. 1 (1926). 

J ‘Fortachr. Itontgenstr vol 35 (1927), 

II ‘ J. Physique,’ vol fi, p. 33 (1922). 

II ‘ Phil. Mag ,’ vol. 44, p. 836 (1923). 

•• ‘ Proc, Roy. Soo. Canada,’ vol. 21. p. 179 (1927). 
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But both of these general empirical relations fail to give a good representation 
of the ratio, the K + L + etc., to the L + M f- etc. absorption, over a range 
of atomic numbers. It has already been pointed out by Richtmeyer, and by 
Stoner and Martm, that the expressions of both de Broglie and Kramers fail 
to account for the observed values of the K jump. According to Kramers the 
K jump should be approximately 5*5 for all elements, while the values given 
by de Broglie are much too great, although they vary with atomic number m 
the right direction 

Richtmeyer* and Jonsson (Joe. cU,) have both pointed out the strikmg fact, 
that the K jump is approximately equal to Ek/Eli* of fhe energy 

levels of the K and electrons respectively. Table VI shows that the 
present results are in excellent accord with this principle 


Table VI. — ^Values of the K Jump 


Element. 

Kk 

El.' 

Authors. 

Allen. 

Jonsson ‘ 

Richt- 

meyer 

Stoner 

and 

Martin. 

Back- 

hurst. 

i 

Walter. 

1 Gray, 

Fe 

8-46 

8 8 

9 2 





9 4 

8 0 

Ni 

8 32 

8 0 

8 2 

8 3 

— 

— 

— 

9 1 

7 7 

Cu 

8 23 

8-3 

8 5 

8 2 

— 

— 

8 1ft 

9 0 

7 6 

Zn 

8 16 

7 7 

7 ft 



— 

— 

8 9 

7-4 

Fd 

6 77 

6 6 

— 

— 

— 

6 8 

— 

7 6 

5 7 

Ag 

6 72 

6 7 

7 3 

- — 

7 3.7-8 

6 7 

— 

7 6 

6*6 

1 


Jonsson, making use of this principle, has found that absorption coefficients 
can be satisfactorily correlated in a manner quite different from any hitherto 
suggested. He calculates an electron absorption coefficient by dividing 

T A 

the atomic absorption coefficient — . - for the K + L + M, etc., electrons 

P L 

by Z. If X > Xk so that the L + M + etc. electrons only are concerned, 
(fjL,) IS multiplied by the K jump (given by Ek/Et,,), or if the M + N, etc., 

E E 

electrons only are concenied, by . 

Bl, Em, 

Jonsson finds that log ([a.Ik plotted against log (Z . X) gives a smooth curve 
the equation of which is 

(l..)i, = C.(Z.X/<" (4) 

wheic, according to Jonsson, / (Z X) changes continuously from 3 to 2-3 as 
(Z . X) changes from 8 to 800. With this curve Jonsson is able to represent 
the data of different observers with an accuracy of the order of i 6 per cent. 


♦ ‘ Nature,’ vol. 120, p. 915 (1927). 
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In adjusting the relative importance of the different electron shells in the 
absorption process, constant values of the different jumps have been used, 
but the relations in Table VI show clearly that the K jumps, at least, vary 
with the wave-length. In some new experiments we have recently obtained 
evidence of a similar variation in the case of the L jumps of tungsten. The 
relative absorptions due to Ihe L shells were deduced from measurements of 
the intensities of chosen lines in the L series, when these were excited by X-rays 
of different wave-length. For a change of wave-length in the exciting radiation 
1 - 0 A. to 0 ■ 45 A. the absorption of the L, shell relative to the Lu shell increases 
approximately 17 per cent , while the relative absorptions of the and Lm 
shells remain unchang(‘d. At present, however, it is impossible to reduce the 
absorptions of the different shells to a common basis, but in view of Jonsson’s 
result it seems possible that if this could be carried out a simple relation might 
be found to exist betwet'ii the absorption produced by electrons in a condition 
common to all, and the two parameters, Z and X. 

Wentzel* has attacked the problem of absorption using the methods of 
wave-mechanics. He considers the case of a hydrogen-like atom and obtains 
for the K absorption co<*fficieiit 

/-V A - 1 -82 X (A) + (B) 

\ P / Ak ' 

where A and B cannot be theoretically evaluated. 

Replacing Xk by a constant multiple of Z“® 

. A = oZ»X’« + 6Z«X® 4- cZ’X*'*. 

P' 

As might be expected, this expression can be made to fit the experimental 
results fairly well. At present the accuracy of the large liody of experimental 
results is not sufficient uniquely to determine the constants a, h and c, so that 
it is impossible to decide whether they are themselves independent of Z and X. 
The following values : a — 5*0 X 10'*, h == 3’0 X 10’*, and c = 1*70 X 10"* 
have been found to represent the K absorption to better than 5 per cent. 

t^uminvary. 

Two balance methods for the measurement of X-ray absorption coefficients 
are described, one an ionisation, the other a photographic method. 


♦ ‘ Z. Physik,’ vol. 40. p. 57.5 (1926). 
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In connection with the latter, a detailed account is given of the comparison 
of X-ray intensities by pliotographic moans. 

Absorption coefficients have boon measured for Fe, Ni, Cii and Zn over a 
range of wave-lengths 0 3 A. to 2*0 A., while those of Mo, IM, Ag and Sn 
have also been measured, but over .shorter ranges. 

The values of |x/p are compared with those of othtT observers and the value 
of the exponent of X m tlie law of absorption show'll to be a function of X, 

It is shown that for Fe, Ni, Cii, Zn, Pd, Ag, the K jump equals m 

agreenii'ut with the observations of Kichtnieyer and Jonsson. 

The values of , for tlio K absorption of the above elements, can be 
P K 

represented by the following expression 

(-) . A 5-0 X K* Z®>’ * -1 a-0 y 10"3 Z*X» f I -70 X lO-^ 

P'K 

111 conclusion, we w'ish to thank Piofessor T. II. Laby, F.U.S., for his helpful 
criticism in this w'ork. 


On the /ly])erjine Structure of Certain Ilg I Lines in the 
Electrodeless Discharge, 

By T. S Subbaraya and T G. Srinivasa Iyengar 
(Communicated by Lord Rayleigh, For. Sec R.S. —Received March 3, 1932 ) 

[Platk 11 ] 

Introductioy} 

The hyperline struetun* of a large number of mercury lines has been investi- 
gated by several observers and their results often show considerable variations, 
which have often been ascribed to the different modes of excitation. The 
line 4910 A is one which exhibits such differences. Janicki'** and other early 
observers have described thi.s lino a.s single, while Hansenf was the first to 
resolve it into five components, the satellites being quite close to the mam 

* * Ann. Phy«ik,’ vol 29, p H32 (1909). 

t ‘ Natuie,’ vol. 119, p. 237 (1927). 
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line. Venkatesacliar.* using a long column of low density arc discharge, 
photographed a patt cm which showed six or seven components. Subsequently 
the wave-lengths of these lines were fixed by Venkatesachar and Sibaiyaf 
from fresh photographs taken with a number of Lummer plates, using the 
axial radiation from an arc discharge about a metre long. Later Tolansky,J 
using a high frequency electrodcless discharge, reported that he failed to 
observe the structine recorded by Venkatesachar and Sibaiya. 

Expenmc^flul 

It was thought desirable to analyse the line 491G A. and other mercury 
linos with a view to tracing the source of this differoncc, and particularly to 
see if the structure changed with th<* mode of excitation A diagram of the 
apparatus is shown in fig. 1. 
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Fio. 1. 


Th(‘ mercury, purified and distilled, uas jdacod in the hide limb T, attached 
to the main tube over which a large number of turns of enamelled copper wire 
were clo.sely wound. The ends of this coil were joined m senes with a number 
of Leyden jars and a spark gap connected to the terminals of the secondary of 
a 10, 000-volt wireless transformer. The apparatus was evacuated by a Cenco 
Hyvac pump, which was kept running throughout an exposure An air jet 

* “ Presidential Address. Mathematics and Physics Section, Indian Stienoe Congress '* 
(1930). 

t ‘ tT. Mysore Uiuv.,* vol. 4, p. 145 (1931). 

J ‘ Proc. Roy. Soc..* A, vol. 130, p, 568 (1931). 
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was directed against the spark gap to prevent arcing. The discharge was found 
to bo very bright when the tube was heated to about 100® C. by a heating coil 
wound over a glass tube and slipped over it. The observation window was 
also kept free from the troublesome deposit of mercury by keeping the heated 
glass tube O 2 m front of it. The oscillations were found to correspond to a 
wave-length of 1011 metros as measured by a precision wavemeter. The 
energising coils were closely wound because we found that this brightened the 
discharge. This probably speaks for the electromagnetic origin of this kind 
of damped oscillatory discharge.* 

The axial radiation from the tube described above was analysed by means 
of two Lummer plates made by Hilger, one of glass of 4*7 mm. thickness, and 
the other of quartz 7*44 mm. thick, placed after the collimator of a Hilger 
constant deviation spectrograph. The light was polarised by a Nicol when the 
quartz plate was used. The plates were measured on a Hilger's photo- 
measuruig micrometer and also on a Gaertner measuring microscope The 
wave-lengths were determined in the manner detailed by Schrammenf and 
also according to the method proposed by P. Kunze.J ThtJ results from the 
different plates agree to within 0-005 A. ; we could not push the accuracy 
much farther since a large number of plates could not be measured. The 
observed wave-length-separations of the satellites are given below. 


RcifuUs. 
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The lino -}-0 088 observed by Venkaiesachar and Sibaiya falls on —0 150 in the glass Liimmr r 
plate and on ~0 052 in the quartz plate. 

* This aspect of the question has been much discussed ; see J. J Thomson. * Phil. Mag ,* 
vol. 4, p. 1128 (1927); Townsend and Donalson, * Phil. Mag.,’ vol. 5, p. 178 (1928); 
Kethercot, * Phil. Mag.,’ vol. 7, p. 600 (1929) ; McKinnon, ‘ Phil. Mag.,* vol. 8, p. 605 
(1929) , Stuhlman. jr , and Whitaker, ‘ Rev Sei Inst.,’ vol. 1, p, 772 (1930) , Brasefield, 

‘ Phys. Rev.,’ vol. 35, p. 1073 (1930), vol 37, p. 82 (1931) , Smith, Lynch and Hilberry, 
‘ Phys Rev vol. 37. p. 1091 (1931). 
t ‘ Ann. Physik,’ vol. 83, p 1161 (1927). 
t ‘ Ann. Physik,* vol. 79, p. 531 (1926). 
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Theoretical 

Commenting on the structures obtained by them, Vcnkatesachar and Sibaiya* 
suggested the possibility of interpreting the complicated hyperfine structure of 
Hg I lines if two different nuclear moments of ^ and 1 J wore assigned to two 
different isotopes of mercury. Recently, in a very interesting paper, Schuler 
and Keystonf have shown that the structures can be quantitatively explamed 
if to the isotope 199 is assigned a nuclear moment while to the isotope 201 
IS ascribed the moment H, and Murakawa| has come to the same conclusion* 
Now, the structure given by these authors for 4916 A does not agree completely 
with that given here. Hence an attempt was made to see whether the present 
results agreed with theoretical expectations. The guiding principle here is 
that the same common differences should occur in the same order in all the 
lines 4916, 5791 and 5770 which have the G level in common. On the basis 
of the common differences 243, 360 and 600 occurring in all three, the structure 
of the 6 level was fixed ; with the help of this and the known structure of 
5791 the separations of the O'Dj level were obtained. Taking the structure 
of the 6 ^Pj level as given by Murakawa and that of the 6 *D2 Icvtd obtained 
above, the structure of the line 3663*28 (6®P2— G^Dg) was deduced. This 
theoretical structure is m agreement with that obtained experimentally. 
Similarly, from a knowledge of the G ^Pg level and the structure of the line 
3654*83 (6 ^Pg—G ^Dg) the intervals of the level 6 ^Dg were fixed ; combinmg 
this with the structure of the 6 ^P^ level, the structure of the line 5770 (6 ^Pi*— 
G’Dg) was obtained and foimd to be m agreement with the experimental 
structure. The values here assumed for 4916 are the weighted averages of Ven- 
katesachar and Sibaiya’s and our own measurements, while the structures of 
the other linos are taken from Nagaoka § Level schemes and the structures 
of the Imes arc given below, and notes on individual lines have been added. In 
the diagrams of the structures the heights of the lines indicate the observed 
intensities, while the theoretical intensities ctdculated as a percentage of the 
total intensity of the line are marked at the top of each line. Theoretically 
predicted but imobservcd components are distinguished by placing a small 
cross below. Some components which have been observed, but which do not 
find a place m the scheme, are left without their theoretical intensities bemg 
marked. Lines duo to even isotopes are marked with broken lines. The 

* * il. Mysore Univ.,’ vol. 4, p. 148 (1930). 
t ‘ Z Physik,’ vol. 72, p. 423 (1931) 

J ‘ Z. Phyaik,’ vol. 73, p SOtt (1931). 

‘ Sci. Pajiers, Ph>H. Chem. Res. Tokyo,’ vol. 13, p. 217 (1924). 
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obh(Tvcd wave-number separations in thousandths of a cm."^ are given below 
each component, and also on the line indicating that transition in tlie level 
scheme. The Roman numerals I, II, III and IV stand for the even isotopes 
198, 1!00, 202 and 204 resjiectively 

4916. — This line shows more components than theory can account for. The 
very close satellites that have been observed l)y Han.sen and others do not fit 
into the scheme of levels of the odd isotopes as given here. The structure of 
the G level now proposed appears to be tlie correct one as it has been tested 
in the lines 5791 and 5770. The magnitudes of thi‘ separations of the close 
components are very small an<l are nearly of the same order as those of the 
components of the mam line of 5461 Since tlu* latter can be explained by 
asciibing a nuclear moment to one of the even isotopes * we make the 

X49l6(e'P-8*S,) 


202 ^00 ZOI 199 



Flo 2 

Notj* — ThcsatcHites 1 0 0ri5aiid — 0'006 hii\p Iteen ^neii by Hansen and Tolansky; 
0 044 la a satellite predicted by the theory here proposed, hut too close to 
- 0 066 to lie lesolved. 

* H. Schuler, ‘ Naturwiss \ol. 19, p 9n0 (1931). 
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suggestion that these close satellites are to be ascribed to the isotopes 200 and 
202 with a nuclear moment 1. But the suggestion has to remain tentative till 
other independent evidence is adduced in its favour. Even after this extension 
of the theory there is one satellite at f 0*306 which does not figure in the 
scheme, though it is indubitably exhibited in thi‘ nucrophotoraeter curve 
(marked C in fig. 3) of a pattern of 4916 taken from one of Venkatesachar and 
Sibaiya’s plates by Messrs Carl Zeiss and reproduced in fig 3. A theoretical 



FifJ 3 “^Miorophotograra of h pattern of 491() A taken Mith a quaitz Luminer plain 

7 44 mm. iliick. (Keprodueed Mith kiral jKTinisHion of B. Venkatesachar and L. 

Sibaiya ) 

curve based upon the calculated intensities and on considerations of the 
resolving power of the quartz Lumrner plate used is given in fig. 4 for compari- 
son. The component + 0 306 has betui marked here by a curve with broken 
lines since it is not obtained theoretically, and it is easy to see that the small 
hump at C m fig 4 is due to this satellite' The existence of such satellites 
IS not peculiar to this line, for ev(*n in the case of 5461 a satellite occurs at 
0*154, which does not come into iSchulor and Keyston’s scheme 
Considering the uncertainties introduced by the photographic plate, tho 
agreement may be considered satisfactory Tho structure now given removes 
the anomaly noted by Schuler and Keyston in tlie isotope displacements of 
the levels The lines 3655 (6 ^ ®Pi— 6 3 D 2 ) show a 

displacement of about 400 (in thousandths of a cm.“^) in the positions of tho 
(‘ven isotopes, which must be as<‘ribed to the 6 level since both the 6 ^Pj 
and 6®Pi levels show no such displacement. Now 5770 (O^P^— O^Dj) shows 
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a displacement of about 160, so that the displacement ol the level is 
about 250 The line 4916 shows a somewliat smaller displacement, while 
5791 shows a displacement of about 1100 Considering the approximate 
nature of the magnitudes of these displacements, we may conclude that the 



Fio 4. — ^Theoretical intensity distribution in 4910 A. for comparison with fig. 3. 


displacement of the 6^Pj level is about 200 and that the level has no 
displacement. The fact that the line 3663 shows no displace- 

ment will then be explained. The anomaly in the magnitudes of the fine 
separations of the levels is also partly removed. 

5791. — The component at +0*753 has been observed by Janicki, though 
Nagaoku omits it. The assignment of +0*361, 0*(X)0 and —0*391 to the 
even isotopes is borne out by the fact that according to Luuolund their Zeeman 
patterns are all similar. 

3663. — The structure of this line has been calculated from the previously 
known G^Pg and levels, and is seen to agree well with the observed 
pattern. The two components +0*678 and +0*104 are given by Ruark,* 


• ‘ Phil. Mag ; vol. 1, p. 977 (1926). 
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but Nagaoka does not get them. They, as well as the famt satellitp at — 0*li45 
do not appear in our scheme. Of the predicted satellites that are not observed, 
all, except — 0*412, are very weak and some are too far off while others fall 
very near strong <‘omponents 

X579I (6’P,-G’D^ 


201 199 



Fio 6 

3655 -“This line has led to tlie recognition of the G ®Do level separations. 
One famt component at + 0*160 does not enter into the scheme The faint 
component at + 0*223 must be identical with the 0*242 that appears in 
the scheme of levels. The component —0*145 has been calculated from the 
separation 366 between the (/ = 5/2) and (/ — 7/2) levels, as has been 
given by Murakawa. Schiller and Keyston give 400 as the separation of 
these levels and, if this is correct, this component becomes —0*111 and may be 
expected to fuse with —0*071. The other predicted components that are not 
observed are too famt and too close to other satellites. 
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5770 — Tin* structure of tins line has been calculated from the structure of 
the 6 aii<l 6 ®D 2 levels found above. The agreement is good. One com- 
ponent at — 0-445 which may be expected to appear has not been observed. 
The one at + 0-724 has been observed by Sibaiya,* but given by him as a 
doublet, 4- 0 t)19 and 1- 0-771. Here also the simdanty of the Zeeman 
patterns of the mam line and the satellites + 0-150 and — 0-1:32 noted by 
Limelund iinds an explanation. 

3126. — The structure of this line also has been calculated from that of the 
6 level given by Schuler and that of the 6 ®D 2 level found above. There is 
a discrepancy of al>out 40 between the separations given by Schuler and 
Keyston and by Murawaka. The observed components at —0-723, +2-105, 
+ 1*032, + 0-362 and f 0-085 do not come into the scheme and may not 
be real. The component at -0-157 must be due to a poor measurement 


* ‘ Proc, Ind. Soi. Congress Abs.* (1932). 
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caused by the ovtTlappnig of Ihroe satellites at this place. The predicted 
components at +0'40f) and +0-613 are too famt to be observed, while 
+ 0-631 is too near to + 0-495, 

Discvsston 

A consideration of the above results shows that theie is good agrcfunont 
between theory and experiment and that the structure here given for the G'Pj 
level IS the correct one. The structures of the Imes also exhibit the regularities 
found by Schiller and Keyston regarding the equality of the total separations 
for the isotopes 199 and 201 and the relatively inverted positions of their fine 
levels. 

Though the observed components are nearly all explained, there remain a 
few which arc often real and yet are not accounted for by the theory. Regard- 
ing intensities also the theory generally gives correct results, but some intensity 
anomalies cannot easily be explained. It was noticed some considerable time 
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ago that hyperfine structures differed when different sources were employed, 
but it has only recently been demonstrated by Schiilei and Keyston* that 
slight variations in the conditions of excitation in the same source can introduce 

\5770(6‘P-6’D,) 
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* • il 
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large intensity anomalies. This is also shown m the two pliotographs of the line 
5461 taken by the authors and reproduced m Plate 1 1 These were taken under 
nearly identical conditions except that the curront m the heating coil us(*d in 
our experiment was 2 amps, in the case of A and 2*5 amps, in that of B That 
such small external changes can influence the interaction between the nucleus 
and the outer electron shell is rather astoiiishuig Yet there seems to be some 
n'giilanty even in these anomalies. Thus the component due to the even 
isotope 204, when not complicated by the overlapping of lines due to other 
isotopes, IB found to be consistently brighter in ordinary sources than is pre- 


* ‘ Z. Physik/ vol. 71, p. 413 (1931), 
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dieted by theory and observed in sources of small absorption. Similarly, 
the component due to the isotope 198 when not disturbed by other lines seems 
to be weakened. This is well shown in the table on p. 228. 


20 / 109 
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Summary, 

The structure of the line 4916 A. of Hg 1 has been examined, using as the 
source a high frequency electrodeless discharge. The structure found coin- 
cides with that previously given by Venkatesachar and Sibaiya. On the 
basis of this structure the splitting of the 6 level has been determined and 
the structures of the lines 6790 * 66, 6769 * 60, 3663 • 28, 3664 • 83 and 3125*66 have 
been explained. The structures of the Imes 6123, 6234 and 6072, experi- 
mentally obtained, have also been given. The present analysis of the levels 
exhibits the regularities found by Schiller and Keyston such as the approximate 

Q 2 
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equality of the total separations and the relatively inverted positions of the 
levels due to the two isotopes 199 and 201. The structure now proposed shows 
that the anomaly noted by Schiller and Keyston regarding the magmtudes of 
the isotope displacements and the fine intervals does not exist in the 6 
level. 

In conclusion, we should like to record our deepest thanks to Professor 
Venkatesachar for his guidance and encouragement throughout this work. 
One of us is indebted to the University of Mysore for the award of a scholarship. 


Experiments with High Velocity Positive Ions. II . — The 

Disintegration of Elements by High Velocity Protons. 

By J. D. Cockcroft, Ph D., Fellow of St. John^s College, Cambridge, and 

E T. S. Walton, Ph.D. 

(Communicated by Lord Rutherford, 0 M , F R S —ReccMved June 15, 1932.) 

[Plate 12.] 

1 . InlrodyrMon. 

In a previous paper* we have described a method of producing high velocity 
positive ions having energies up to 700,000 electron volts. We first used this 
method to determine the range of high-speed protons in air and hydrogen and 
the results obtained will be described in a subsequent paper. In the present 
communication we describe experiments which show that protons having 
energies above 150,000 volts are capable of dismtograting a considerable 
number of elements. 

Experiments in artificial disintegration have m the past been carried out 
with streams of a-particlos as the bombarding particles ; the resulting trans- 
mutations have m geniTal been acjcompanicd by the emission of a proton and 
in some cases y-radiation.t The present experiments show that under the 
bombardment of protons, a-particles arc emitted from many elements ; the 
disintegration process is thus in a sense the reverse process to the a-particle 
transformation. 

* * Pioo. Roy. Soc./ A, vol. 136, p. 619 (1932) denoted as (I) hereafter, 
t Rutheiford, Chadwick and Ellis, “ Radioactive Substances.’* 
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2. The Experimental Method, 

Positive ions of hydrogen obtained from a hydrogen canal ray tube are 
accelerated by voltages up to 600 kilovolts in the experimental tube described 
in (I) and emerge through a S-inch diameter brass tube into a chamber well 
shielded by lead and screened from electrostatic fields. To this brass tube is 
attached by a flat joint and plasticene seal the apparatus shown in fig. 1. A 
target, A, of the metal to be investigated is placed at an angle of 45 degrees to 
the direction of the proton stream. Opposite the centre of the target is a side 
tube across which is sealed at B either a zinc sulphide screen or a mica window. 


Stream of fast protons 



In our first experiments we used a round target of lithium 5 cm. in diameter 
and sealed the side tube with a zinc sulphide screen, the sensitive surface 
being towards the target. The distance from the centre of the target to the 
screen was 5 cm. A sheet of mica, C, of stopping power 1*4 cm. was placed 
between the screen and target and was more than adequate to prevent any 
scattered protons reaching the screen, since our range determinations'*' and 
the experiments of Blackett! have shown that the maximum range of protons 
accelerated by COO kilovolts is of the order of 10 mm. in air. The screen is 
observed with a microscope having a numerical aperture of 0-6, the area of 
screen covered being 12 sq. ram. This arrangement with the fluorescent 
surface inside the vacuum is generally used in the preliminary investigations 

* In course of publication, 
t ‘ Proc. Roy. Soc.’ A, vol. 134, p. 6C8 (1931). 
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of elements and when it is necessary to detect the presence of particles of 
short range. 

The current to the target is measured by a galvanomet<*r and controlled by 
varying the speed of the motor used tor driving th(‘ alternator exciting the 
dischargii tube (se(i Paper I). Currents of up to 5 microampenvs can be 
obtained. Since metals bombarded by high-speed positive ions emit large 
numbers of secondary electrons for each incident ion, it is necessary to prevent 
the emission of these electrons if an accurate determination of the number of 
incident ions is required Thus has been effected by applying a magnetic 
field of the order of 700 gauss to the target. Since it is well known that the 
majority of the secondary electrons have energies below 20 volts, such a field 
should be adequate to prevent secondary electron emihsion being a serious 
source of error. 

An accurate determination of the exact composition of the beam of ions has 
not yet been made, but deflection experiments with a magnetic field in a 
subsidiary apparatus have shown that approximately half the current is 
carried by protons and half by Ha"*" ions. The number of neutral atoms appears 
to be small. 

The accelerating voltage used m the experiments is controll(‘d by varying the 
field of the alternator exciting the main high tension transformer. The 
secondary voltage of this transformer is measured by the method described 
in an earlier paper,* which rectifies the* current passing through a condenser. 
A microammeter on the control table allows a continuous reading of this 
voltage to be obtained. The value of tluj steady potential produced by the 
rectifier system vanes between 3 and 3*5 times the maximum of the trans- 
former voltage according to the brightness of the rectifier filaments. The 
actual value of the voltage is determined by using a sphere gap consisting of 
two 75-cm. diameter aluniimum spheres, one of whicli is (*arthed. In each 
experiment the multiplication factor of the rectifier system is determined for 
several voltages and interuu^diate points obtained by interpolation. The 
accuracy of the determination of the voltage by tiu* sphere gaps has been 
checked by measuring the deflection of the protons in a magnetic field. It 
has been found that corrections of the order of 15 percent, may bo required 
as a result of tlie proximity of neighbouring objects or unfavourable arrange- 
ments of the connecting leads. The voltages given in this paper liavc all been 
corrected by reference to the magnetic deflection experiments. 


♦ ‘ Proc. Itoy. Soc.’ A, vol 120, p. 477 (1930). 
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3. The Disintegration of Lithium, 

When the current passing to the target was of the order of 1 microampere 
and the accideratiiig potential was increased to 125 kilovolts, a number of 
bright scintillations were observed on the screen, the numbers being propor- 
tional to the current colleet(*d and of the order of 5 per minute per micro- 
ampere at 125 kilovolts. 

No scmtillations were observed when the proton current was cut off by 
shutting off thi‘ discharge tube excitation or by interposing a brass flap betwe<m 
the beam and the target. Since the scintillations were very similar in appear- 
ance and bnghtni'ss to a-particle scintillations, the apparatus was now changed 
to allow a determination of their range to be made For this purpose a mica 
window having a slopping power of 2 cm. was sealed to the side tube in place 
of the fluorescent screen, which was now placed outside the wmdow. It was 
then possible to insert mica screens of known stopping power between the 
wmdow and the scrccm. In this way it became apparent that the scintillations 
were produced by particles having a well-defined range of about 8 cm. Varia- 
tions of voltage between 250 and 600 kilovolts did not appear to alter the 
range apprec-iably. 

In order to check this conclusion, the particles were now passed into a 
Shimizu expansion chamber, through a mica window m the side of the chamber 
having a stopping power of 3-() cm. When the accelerating voltage was 
applied to the tube a number of discrete tracks were at once observed in the 
chamber whose lengths agreed closely with the first range detorminatjons. 
From the appearance of the tracks and the brightness of the scintillations it 
seemed now fairly cl(‘ar that we were observing a-particles ejocU'd from the 
lithium nuclei under the proton bombardment, and that the lithium isotope 
of mass 7 was breaking up into two a-particles. 

In order to obtain a further proof of the nature of th<» particles the experi- 
ments were repeated with an ionisation chamber, amplifier and oscillograph 
of the type described by Wynn Williams and Ward.* The mica window on 
the side tube was reduced to a thickness corresponding to a stopping power of 
1*2 mm. witli an area of about 1 sq cm., the mica being supported on a grid 
structure. The lithium target was at the same time reduced in size to a circle 
of 1 cm. diameter m order to reduce the angular spread of the particles entering 
the counter. The ionisation chamber was of the parallel plane type havmg a 
total depth of 3 mm. and was sealed by an aluminium window havmg a stopping 

♦ ‘ Proc. Roy. Soo.,’ A, vol. 132, p. 391 (1931). 
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power of 5 mm. The degree of resolution of the amplifier and oscillograph was 
such that it was possible to record accurately up to 2000 particles per minute. 
With the full potential applied to the apparatus but with no proton curnmt, 
the number of spurious deflections in the oscillograph was of the order of 2 per 
minute, whilst with an accelerating potential of 600 kilovolts and a current 
of 0*3 microamperes the number of particles entering the ionisation chamber 
per minute was of th(‘ order of 700. 

In figs, 8, 9, 10 and 11, Plate 12, are shown the oscillograph records obtained 
as additional mica absorbers are inserted. It will be seen that the size of the 
d«*floctions increases as additional mira is inserted, whilst the numbers fall oft 
rapidly when the total absorber thickness is incieased beyond 7 cm In fig 2 
IS plotted the number of particles entering the chamber per minute per micro- 
ampere for increasing absorber thickness and for accelerating potentials of 
270 kilovolts and 460 kilovolts The stopping power of the mica screens of 
windows has been checked and thi‘ final range determination made by a com- 
parison with the a-particles from ilionum C We find that the range is 8 • 4 cm. 
Preliminary observations showed that between the lowest and highest voltages 
used, the range rt‘main(‘d approximately constant. It is, however, of great 
interest to test whether the whole of the energy of the pioton is communicated 
to the a-particles, and it is intended at a later date to examine this point more 
carefully. The general shape of the range curve, together with the evidence 
from the size of the oscillograph deflections, suggests that the great majority 
of the particles have initially a uniform velocity, but further investigation will 
be required with lower total absorption to exclude the possibility of the existence 
of particles of short range 

As is well known, the size of the osiillograph kicks are a measure of the 
ionisat-ion produced by the particles. At the beginning of the range the size 
of the kicks observed was very uniform, whilst the average size varied with the 
range of the particle corresponding to the ionisation givim by the Bragg curve. 
Fig, 3 shows the variation of the ionisation of fhe most numerous particles 
with range. 

The sizes of the deflections were now compared with the deflections produced 
in the same lomsation chamber by a-particles from a polomum source, these 
deflections being recorded in fig. 12, Plate 12, for comparison. It has been 
shown m this way that the maximum di'flection for the two types of particle 
is the same. This result, together with the uniformity of the ionisation j)ro- 
duced by the particles, is suflScient to exclude the possibility of some of the 
particles being protons, since the maximum ionisation produced by a 
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proton is less than 40 per cent, of the maximum ionisation produced by an 
a-particle. 



Air eamvalent of absorber 


Fio. 3. 

The variation of the numbers of particles with accelerating voltage was 
determined from the oscillograph records between 200 kilovolts and 500 kilo- 
volts, the change in numbers being clear from the records, figs. 13, 14, 16, 
Plate 12. For voltages between 70 kilovolts and 250 kilovolts, the numbers 
of particles entering the ionisation chamber were counted by a single stage 
thyratron counter of the type described by Wynn Williams and Ward.* The 
results are plotted m fig. 4. The numbers increase roughly exponentially 
with the voltage at the lower voltag<‘8 and linearly with voltage above 300 
kilovolts.! 

It IS of great intere.st to estimate the number of particles produced by the 
bombardment of a thick layer of lithium by a fixed number of protons. In 
making this estimate we have assumed that the particles are omitted 
uniformly in all directions and that the moloeular ions produce no effect. 
With these assumptions the number of disint(*grations for a voltage of 260 
kilovolts IS 1 per 10® protons, and for a voltage of 500 kilovolts is 10 per 10® 
protons. 

In considering the variation in numbers of particles with voltage it has, of 
course, to be borne in mind that with a thick target the effects are due to 

* ‘Proc. Roy. Soc A, vol. 131, p. 191 (1931). 

t All the measurements in a single run, in which more than 2000 particles were counted 
are included in the figure. The spread of the points in the centre part of the curver is 
probably due to vanations in the vacuum and therefore m the voltage applied during the 
ezpenment. In other runs no evidence was obtained for such a variation. 
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protons of all energies from the maximum to zero energy. It will be very 
important to determine the probability of disintegration for protons of one 
definite energy, and for this purpose it will bo necessary to use thin targets. 
Preliminary experiments using evaporated films of lithium show that the 
probability or “ excitation function does not increase so rapidly with voltage 
as for the thick target, but owing to the small numbers of particles obtainable 
these experiments have not yet been completed. 



100 200 300 400 500 


Kilovolts 
Flo 4. 

4. The Interpretation of Residfs. 

We have already stated that the obvious interpretation of our results is to 
assume that the lithium isotope of mass 7 raptures a proton and that the 
resulting nucleus of mass 8 breaks up into two a-particles. If momentum is 
conserved in the process, then each of the a-particles must take up equal 
amounts of energy, and from the observed range of the a-particles we conclude 
that an energy of 17*2 million volts would be liberated in this disintegration 
process. The mass of the L 17 nucleus from Costa’s determination is 7 -0104 
with a probable error of 0*003. The decrease of mass in the disintegration 
process is therefore 7*0104 + 1*0072 — 8*0022 = 0*0164 ± 0*003. This is 
equivalent to an energy liberation of (14*3 ± 2*7) X 10® volts. We conclude, 
therefore, that the observed energies of the a-particles are consistent with our 
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hypothesis. An additional teat can, however, be applied. If momentum is 
conserved in the disintegration, the two a-particles must be ejected in practically 
opposite directions and, therefore, if wc arrange two zinc sulpbde screens 
opposite to a small target of lithium as shown in the arrangement of fig. 5, 
we should observe a large proportion of coincidences in the tune of appearance 
of the scintillations on the two screens. The lithium used m the experiments 
was evaporated on to a thin film of mica having an area of 1 sq, ram. and a 
stopping power of 1*1 cm., so that a-particles ejected from the lithium would 
pass easily through the mica and reach the screen on the opposite side of the 
lithium layer. 

The two screens were observed through microscopes each covering an area 
of 7 sq. mm. and a tapt; rcicording niaehme was used to record the scintillations, 

Stiejui of 
l.'ist pioton-- 

Zrj? 

Thin liihiutri 
t^rgvt 

Kig 5 

a buzzer being installed in the observation chamber to prevent the noise of the 
recording keys being audible to the observers. Five hundred and sixty-fivc 
suintiUations were observed in microscope A and 288 scintillations m micro- 
scope B, the former being nearer the target. Analysis of the records showed 
that the results are consistent with the assumption that about 25 per cent, of 
the scintillations recorded m B have a corresponding scintillation in A. If 
we calculate the chance of a scintillation being recorded by B within x seconds 
of the record of a scintillation in A, assuming a perfectly random distribution of 
scintillations, and compare this with the observed record, the curve shown in 
fig. 6 is obtained. It will be seen that as the interval x is made less, the ratio 
of the observed to the random coincidences increases. Wo also plot for oom- 
parison the theoretical curve (sliown by broken line) which would be obtained 
if there were 25 per cent, of coincidences. It will be seen that the two curves 
are in good accord. The number of coincidences observed is about that to be 
expected on our theory of the disintegration process, when we take into account 
the geometry of the experimental arrangement and the efficiency of the zinc 
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Bulphido screens. It is clear that there is strong evidence supporting the 
hyi>othesis that the a-particles are emitted in pairs, A more complete investi- 
gation will be made later, using larger areas for the counting device, when it is 
to be expected that the fraction of coincidences should increase. 



Fia 6. 


5. Compariso)! ivifh the Gamow Theory. 

In a paper which was largely responsible for stimulating the present investi- 
gation, Garnowf lias calculated the probability of a particle of charge Ze, 
mass m and energy E, entering a nucleus of charge ZV. Gamow's formula is 


-4Tr J{Zm) 

W’l* — e * 




where Jj^ is a function varying slowly with E and Z. Using this formula, we 
have calculated Wj*, the probability of a proton entering a lithium nucleas, 
for 600, 300 and 100 kilovolts, and find the values 0'187, 2*76 X 10"* and 
1 *78 X 10"*. Using tliese figures, our observed variation of proton range with 
velocity for a thick target, and assunung a target area of 10' “cm.*, the 
number of protons N r<3C|uired to produce one disintegration may be calculated. 
For 600 kilovolts we find N to be of the order of 10®, and for 300 kilovolts of 
the order of 2 x 10’. 

The order of magnitude of the numbers observed is thus smaller than the 


t ‘ Z. Physik,’ vol. 62, p. 610 (1928). 
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number predicted by the Gamow theory, but a closer comparison must be 
deferred until the results for a thin target are available. 

6. The Dtsintegraiion of other Elements. 

Preliminary investigations have been made to determine whether any 
evidence of disintegration under proton bombardment could be obtained for 
the following elements : Be, B, C, 0, F, Na, Al, K, Ca, Fe, Co, Ni, Cu, Ag, Pb, 
U. Using the fluorescent screen as a detector we have observed some bright 
scintillations from all these elements, the numbers vaiying markedly from 
element to (*lement, the relative orders of magnitude being indicated by fig. 7 
for 300 kilovolts The results of the scintillation method have been confirmed 
by the electrical counter for Ca, K, Ni, Fe and Co, and the size of the oscillo- 
graph kicks suggests that the majority of the particles ejected are a-particles. 



The numbers of particles counted have up to the present not been sufiieient 
to enable these figures to be taken as anything other than an order of magnitude. 
In particular, the possibility must be borne in mind that some of the particles 
observed may be due to impurities. It may, however, be of some interest to 
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dcBoribe briefly the general character of the effects observed in some of the 
more interesting cases. 

Beryllium , — Two types of scintillation were observed with beryllium, a 
few bright scmtillations having the appearance of a-particlc scintillations 
together with a much greater number of famt scintillations appearing at about 
600 kilovolts, the numbers increasing rapidly with voltage. Wc were not able 
to observe the faint scintillations outside the vacuum chamber, so that they 
are presumably due to particles of short range. 

Boron . — ^Noxt to lithium, boron gave the greatest number of scintillations, 
most of the particles having a range of about 3 *5 cm. Scintillations were 
first observed at voltages of the order of 116 kilovolts, the numbers increasing 
by more tlian 100 between this voltage and 375 kilovolts. The interesting 
problem as to whctlicr the boron splits up into three a-particles or into Bcg 
plus an (x-particlc must await an answer until more detailed investigation is 
made. 

Fluorine . — Fluorine was investigated in the form of a layer of powdered 
calcium fluoride, A few scintillations witc first observed at a voltage of 200 
kilovolts, the numbers increasing by a factor of about 100 between this and 
450 kilovolts. The range of the particles was found to be about 2*8 cm. On 
the assumption that they are a-particles, the energy would be 4*16 X 10® 
electron volts. If now we assume that the reaction is 

Fi9 + Hi = Ojfl + He^ 

it is of particular interest to compare the observed energy witli the energy to 
be expected from the mass changes, since all the masses involved arc known, 
from the work of Aston, with fairly good precision. 

Using Aston's data, the energy liberated should be 5*2 X 10® electron volts. 
Allowing for the energy taken by the recoil of the oxygen nucleus and the 
energy of the bombarding proton, the energy of the a-particle should be about 
4*3 million volts, giving a range of 2*95 cm. in air, in good accord with the 
observed ranges. 

Sodium , — A small number of bright scintillations were observed beginning 
at 300 kilovolts, the particles having ranges between 2 and 3*6 cm. In 
addition to the bright scintillations, a number of faint scintillations were 
observed similar to those seen in the case of beryllium. The faint scintillations 
are again presumably due to particles of short range since they could not be 
observed outside the tube. The probable a-particle transition would be 

Naja + Hi = Ne^a + Hc^. 
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Patmsium, — Potasaium is of spt^cial intowst on account of its radioactivity* 
The very small effects observed may easily be clue to an impurity. The most 
likely reaction to o<‘ciir 

^39 -^OU I" ^**4> 

would prolmbly hav(* a negative energy balance. 

lro7i^ NickeU Chopper.- -These elements follow each other m the 

f>eTiodie table, so that the small rf‘sult obtamcul for iron compared witli that 
for the following thrive elements is of special interest. The effect for iron is of 
the same order as that for potassium, and again may be due to impurity. 
For these elements most of the parlieles had a lange of about 2*5 cm., but a 
few particles W(‘T(' present having i\ slight 1} loiigiu* xange. 

Urannwi - Using potent nils of up 1 o (»()() kilovolts and strong proton currents, 
the number of scintillations observed was about four tirru^s the mitiiral radio- 
active effect, and the artificially produeeil ])artu‘ic‘s appeared to have a longer 
range than tlie natiiTal ones The iiunilxTs obtained did not appear to vary 
markedlv with voltage 

We hop(> in the near future to invest ig.iti* the above and other elements m 
miieli greater detail and in partu ular to (l(‘termiii<‘ whether any of the effects 
described are due to impuntK's There seems to be little doubt, howi'Ver, that 
most of the effects are du(‘ to transformations giving rise to an a-particle 
emission. In view of the very small probability of a plot on of 5(M) kilovolts 
energy penetrating the [)()t(*nij«il bar run of the heavier nuclei by any process 
other than a rosouimce process, it would appear most likt ly that such proceRSCH 
are responsilih* for the <‘ff(‘cts observt'd with the heavier <*leinents. 

We have seen that the three elements, lithium, boron and fluorino give the 
largest emission of particles, the luuission vaiying similarly w'lth rise of voltage. 
These elements are all of t Ik* 4u + o presumably the rnn'lej are made 

up of a-particles with the addition of three protons and two electrons. It is 
natural to sn]»pose tliat tlie addition of a i aptiired proton leads to the formation 
of a new a-part-u*le mside tlie nucleus In the ease of lithium, it seems probable 
that the capture' of the proton, the formation of the a-particle and the dis- 
integration of the resulting nucleus into two a-partides must at this stage be 
regarded as a singh* pioei'ss, the excess energy appearing in the form of kinetic 
energy of tlu' expelled a partu les.* Until furthiT and more accurate data 
are available it is not desirable to discuss at tins stage the possible bearing of 

♦ Such a view does not pre( Imle the (Kwsihilitv th.it sometimes part of the energy may 
appear in another form, for e\,impl«*. ii« y-nulmtion 
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these new observations oti the problems of astrophysics and on the question 
of the abundance of the elements. 

In conclusion, wo wish to express our thanks to Ijord Rutherford for liis 
constant encouragement and advice. We are indebt(*d to Dr. Wynn Williams 
for considerable assistance with the electrical recording apparatus, and to 
members of the research staff of Metropolitan-Vickers Electrical Company for 
their assistance in supplying much of the apparatus used m this work. One of 
us (K.T.S.W.) has been in receipt of a senior research award from the Depart- 
ment of Scientific and Industrial Research. 
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Introduction. 

The qucBtion of how a hydrocarbon is attacked by oxygen in combustion 
has always b<‘en of great interest to chemists ; and now that the motive power 
for aircraft and road vehn;Ies is derived from hydrocarbon-air explasions it is 
l>eing studied also by engineers the world over The ocesasion is therefore 
opportune for its discussion, and as present-day investigators seem none too 
familiar with the work of former times, in what follows 1 will endeavour to 
review tlie principal discoveries, to illustrate some of them experimentally, 
and to consider certain theories concerning them And I would stress tlie impor- 
tance of viewing the subject widc'ly, liccausc what is most needed to-day is 
a balanced judgment embracing the whole range of conditions from those of 
slow combustion right up through flames and explosions under high pressures 
to d(‘tonatioii. 

I. — Nineteenth Century Bihuovebies. 

My story lx‘gins with the discoveries of John Dalton (1803—4) about the 
partial combustion of “ marsh gas ” (methane) and ’* olefiant gas ” (ethylene) 
which, being the only two hydrocarbons then rccognisf'd, wens distinguLshed 
as the “ light and heavy carburetted hydrogens ” respectively. In his “ New 
System of Chenucal Philosophy ” (1807) Dalton used the results of hia oudio- 
metric analysis of them to illustrate his “ law of multiph' proportions,” and 
ho also dcscrib(*d two very remarkable experiments upon the explosion of 
each with its own volume of oxygim Of these, the one with ethylene is so 
important tliat it is best recounted in bis own words — 

“ If 100 measures of oxygen be put to 100 of olefiant gas and electrified, 
an explosion ensues, not very violent, but instead of a diminution, as 
usual, there is a great iruT<‘ase of gas (instead of 200 measures there 
will be found about 360) , some traces of carbonic acid are commonly 
observed, which disappear on passing two or three times through lime 
water ; there will remain perhaps 350 measures of permanent gas, 
which is all combustible, yielding by an additional dose of oxygen 
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carbonic acid and water, the same as if entirely burnt in the first instance. 
What, therefore, is this ntiw gas m the intermediate state ? It is 
carbonic oxide and hydrogen mixed together, an equal number of atoms 
of each. One-third of the oxygen requisite for the complete combustion 
suffices to convert tJie carbon into carbonic oxide, and the hydrogen at 
the instant is liberated ; hence the other two-thirds are employed, the 
ont' to convert the carbonic oxide into acid, the other the hydrogen mto 
water.*'* 

Thus did Dalton disclose the bed-rock fact that the explosive combustion of 
ethylene involves the miormediato production of carbonic oxidt* and hydrogen 
without any separation of carbon or appreciable steam formation, as follows : — 

CgH* + 02 = 2C0 + 2 H 2 . 

He also found that methane may similarly be exploded with its own volume 
of oxygon ‘ without any material change in volume,** and that after removal 
of small umoimts of carbonic anhydride “ the residue is found to possess all 
the characteristics of a mixture of equal volumes of carbonic oxide and 
hydrogen.’* 

It seems strange that such decisive results were seemingly ignored by 
Dalton’s contemporaries and successors for nearly 85 years, and that 
throughout the greater part of last century the notion of a prefenmtial 
burning of hydrogen m hydrocarbon combustion should have universally 
prevailed. Such, however, was the ease, a stukiag example of how, even m 
science, a doctrine utterly oppost'd to facts may long be exalted mto an article 
of faith and accepted without question. 

It arose during the lifetime of Sir Humphry Davy, and has somotimes, though 
I think unjustifiably, been attributed to him, apparently through a misunder- 
standmg of an ambiguous passage m one of his papers about the separation of 
carbon in hydrocarbon flames being due to “ the decomposition of a part of the 
gas towards the interior of the flarne when the air was in smallest quantity,*^ It 
was certainly endorsed by Faraday m his lectures on th(‘ “ Chemistry of a 
Candle ’* (1848-49 and 1860-61) at the Royal Institution. And as late as 
1884, in las Cantor Lectures on " The Uses of Coal Gas ’* at the Royal Society 
of Arts, H. B. Dixon, speaking of the combustion of ethylene as bearing on the 

♦ “ New System of Chemical Philosophy ” (1807), Part II, p. 442. It is obvious from 
the experuuentaL results that Dalton's “ olefiant gas " was not all ethylene, because had 
it been so, the final volume of gas after the explosion would have been about 395 instead 
of the 360 actually observed ; it probably contained air and possibly some methane also. 
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luminoHity of liydroearbon flames, said : ** This ethylene^ when it raised to a 
high tetnperature in contact with air w decomposed, the hydrogen burning first 
and the carbon afterwards.'' 

The whirligig of time, however, brought its revenges when, seven years later 
in Dixon's own laboratory in Manchester, not only was the true result of 
exploding ethylene with its own volume of oxygen (as shown by Dalton) re- 
discovered , but it was also found that acetylene behaves similarly, in accordance 
with the equation 

CaHg + Ua - 2CO 1 Hg. 


Experiment . — In the ('thylcne experiment, which will now be repeated, a 
mixture containmg C 2 H 4 49*4, O 2 = 17*7, and Ng = 2-9 per cent., was fired 
m a leaden coil at an initial pressure (pj of 75fl mm., the resulting explosion 
was violent and, to our great surjiribe at the time, the cold products were found 
to be under a pressure (p^) of 15013 mm or practu Hllv double that of the original 
mixture ('pjpi ^ 1*988).* They burned with a bluish flame, and on subse- 
quent analysis wen’ found I 0 bf* composed of substantially equal volumes of 
carbonic oxide and hydrogen, their exact composition being as follows: 
COj — 0*35, CO —49*1, CaH 4 = nil, CH 4 = 1 * 0 , and H 2 = 48*8 per ccut.t 
It may be recalled how Dixon directed attention to these results in the 
Bakenan Lecture of 1893, J when from the ratios of explosion of hydrocarbon- 
oxygen mixtures he also inferred that in the wave itself the carbon bums 
to the monoxide, its further oxidation bemg an after occiimmce. Indeed, of 
all methane-oxygen or acetylene-oxygen mixtures, the equimolecular had been 
fuimd to have the fastest rate of explosion, thus ; — 


CH 4 + O 2 

2528 


CH4 + iiOg 

2470 


C2H2 + O2 


2961 


C2Ha+ 140a 

2716 


CH 4 + 2 O 2 

2322 metres per second. 

Catla “i” -^iOa 

2391 metres per second. 


It was durmg 1891-02 that I first began assistuig Dixon m such experiments, 
and subsequently at his suggestion, and m conjunction first with B. Lean and 
afterwards with the late J. C. Cain, I studied the behaviour of both ethylene 

* Bone and Lean, ‘ J. Chem. Soc,,* vol Bl, p. 873 ( 1892). 

t In thu and all similar uonnectious throughout this memoir mdiuates the initial 
fixing pressure in an explosion and p, the pressure of the cold gaseous products. Also, 
in all subsequent coses, the pressure and analytical data refer to the mtrogen-free gases. 

t ‘ Phil. Trane.,’ A, vol. 184, p. 161 (1893) 

a 2 
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and acetylene on explosion with less than an equimolecular proportion of 
oxygen, with results which were published in 1892 and 1897.* * * § 

About this time also, Smithells and Ingle discovered large quantities of 
hydrogen and carbonic oxide in the interconal gases of aerated hydrocarbon 
dames, and comiluded that “ when the hydrocarbon first bums in the inner 
cone, there is a distribution of the limited supply of oxygen between the carbon 
and hydrogen, such, that cither carbon monoxide and water or carbon monoxide, 
water and hydrogen are first formed, bemg followed by the reversible 
water gas reaction CO + OHg CO^ + as the medium cooled down ; 
so that in the case of methane, for example, the probable sequence of changes 
might be considered as 

(i) CH^ + Oa - CO + HjO + H^; and 
(li) CO + OHa^'ItCOa + Ha, 

thus recalling the results previously obtained by Dalton, 

As the outcome of all these experiments, the dogma of the preferential 
combustion of hydrogen, which had so long blocked progress, was finally 
overthrown , and in its place was revived the opposite idea, origmally put 
forward by Kersten in 1861, that m hydrocarbon flames generally before any 
part of the hydrogen is burnt all the carbon is burnt to carbonic oxide 
While doubtless, m the light of the then known facts, this may have seemed 
a satisfactory viewpomt, it was vigorously opposed by H E Armstrong, who 
considered it unwise at present to infer that the oxidation of the hydro- 
carbon or the separation of carbon and also of hydrogen from them takes place 
in any one way ” and eventually it has had to be abandoned. 

The position at the end of last century was that, while the old idea of the 
preferential combustion of hydrogen had collapsed under the weight of contrary 
evidence, no other met with general acceptance. Albeit, us far back as 1874, 
H E. Ann8trong§ had suggested another alternative — namely, that the succes- 
sive stages in the burning of hydrocarbons involve the transient formation 
of unstable hydroxylated molecules which, according to circumstances, would 
decompose more or less rapidly under the influence of heal giving rise to simple 
intermediate products so that the process might be visualised as essentially 

* ‘ J. Chem. Soc.; vol. 61, p. 873 (1892) and vol, 71, p. 26 (1893). 

t ‘ J. Chem Soc vol. 61. p. 214 (1892) 

t • J. Prakt. Chem.,’ vol. 84, p. 200 (1861). 

§ ** Manual of Organic Chemistry,” pp. 216, 241 and 275. lat ed. (1874). 
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one of “ hydroxylation ** ; but no attempt had been made to explore it experi- 
mentally, though, as will presently be seen, it ultimately turned out to be a 
potent key to the problem. 

II.— Development of the Hydroxylation Theory, 1900-15 

During 1898-1912, m conjunction with various collaborators,* at both 
Manchester and Leeds Universities, I was enabled to carry out a systematic 
investigation of the subject embracing both slow and explosive combustion 
right up to detonation, the results of which established the hydroxylation 
theory as a working hypothesis, and I will now summarise the new evidence 
which thus became available. 

(A) Eviieyioe from Slow Comb'usfion. 

Hitherto, save in one or two isolated instances, all the evidence had reference 
to explosive combustion, and practically nothing was known about the slow 
combustion of hydrocarbons ; yet obviously, if unstable oxygenated molecules 
of any kind are initially formed, the chances of detectmg and isolating them 
would be far greater in slow combustion than at the high temperature and rapid 
changes in flames. 

( 1 ) Experimental Methods — Therefon*, in this new attack upon the problem, 
it was decided to concentrate first of all upon the slow combustion of metliane, 
ethane, ethylene and acetylene which, bcung the simplest cases, were most 
bkcly to yield results amenable to definite interpretation. Fortunately, also, 
a few preliminary experiments sufficed to dispel all a prior% fears that the 
course of their oxidations might or would be masked or interfered with by 
secondary interactions between the primary products. For it was found that 
suitably proportioned hydrocarbon-oxygen mixtures will react with measurable 
velocities at temperatures much below those required for any appreciable 
reaction in 

2 H 2 + O 2 , 2 CO + Ojj (moist), CO + OHa COj -f Hg, 

CH 4 + OHjj, etc., media. 

The two experimental methods adopted and which proved most effective 

♦ R. V. Wheeler, W. E Stockings, G W. Andrew and J. Dmgman, in Manchester , 
H. H, Henstock, H. Davies and H. H. Gray, in Ijeeds. ‘ J, Chem. Soc.,’ vol. 81, p. 535 
(1902), vol. 83, p. 1074 (1003), vol. 85, p. 693 and p. 1607 (1904), vol. 87, p. 910 and p. 1232 
(1906), vol. 89, pp. 632, 660, 939 and 1614 (1906), and ‘Phd. Trans.,’ A, vol. 212, p. 275 
(1916). 
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for the purpose in view, consisted in (i) sealing up hydrocarbon-oxygen mix- 
tures, of suitably graded compositions in each case, at atmospheric temperature 
and pressure in cylmdrical bulbs of borosiKcate glass (usually circa 60 to 70 c.c. 
but sometimes about 600 c c. capacity) which were afterwards kept in an en- 
closure at some suitable constant temperature (usually between 300° and 350°) 
for various time periods, after which they wore withdrawn and their contents 
completely analysed, and (ii) conimually eirculatmg selected hydrocarbon- 
oxygen (or air) mixtures at a constant rate m a closed system comprising (a) as 
“ reaction-zone a combustion tube packed with fragments of porous porcelain 
and kept uniformly at some pre-detcrmined constant temperature between 
400° and 5(K)°, such us would ensure the gases reacting at a convenient speed, 
(6) suitable coolmg and condensing arrangements to ensure rapid removal of 
soluble and condensable products, and (c) a manometer whereby pressure-time 
records could be obtained. It should be noticed that whereas m (i) reaction 
would usually occur at pressures somewhere between 2 and 2-2 atmospheres, 
accordmg to the temperature, in (ii) it would usually start at a pressure some- 
where between 400 and 600 mm , but steadily falling as time went on to 
somewhere between 60 and 80 per cent, of its original value, according to 
circumstances.* 

(2) General Features —By such means, not only were new intermediate 
products detected and isolated, but also several other significant pomts were 
established. 

Thus, for example, it was found (tnter alia) that (i) all the four hydrocarbons 
examined undergo quiet fiamcless combustion produemg oxides of carbon, 
steam, aldehydes and acids, without any appearance whatever of carbon or 
hydrogen, in circumstances proeludmg any appreciable oxidation of either 
hydrogen or carbonic oxide, (ii) methane is less readily so oiddised than the 
other three, (in) while equimolecular hydrocarbon-oxygen mixtures were 
seemingly the most reactive, and the 2 : 1 (t e., 2C2He + O3) very nearly .so,t 
an excess of oxygen beyond the equimolecular proportion always greatly 
retarded the reaction— this being a most remarkable feature of the results, to 
which special attention was directed — and (iv) in att cases aldehydic formation 
is prominent at an early stage in the oxidation, definite evidence being obtained 

* Tills circulation method, so introduced, has since been widely adopted in principle, 
though with minor alterations, by subsequent investigators. 

f Although at the time this seemed to be the case, there was little to choose between 
them, and the comparison was only a rough one ; recent more refined comparisons made 
both in my laboratories and others have shown the 2 : 1 hydrocarbon-oxygen mixture to 
be the most reactive. 
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in the case of ethylene of its preceding any formation of either steam or oxides 
of carbon, while with acetylene there was indication of the initial transient 
formation of an oxygenated molecule CgHjOa which immediately gave rise to 
carbonic oxide and formaldehyde before any steam appeared Another 
outstanding feature of all the oxidations was the persistent formation of 
carbon dioxide m circumstances whicli, while precluding its arising by the 
secondary oxidation of the monoxide, favoured its domg so by the oxidation of 
fonnic acid which was always present among the products. 

(3) Intermediate Aldehydie, etc , Prodxicts, — The intermediate formation of the 
following aldehydes and acids was proved : — 

(i) Methane — Formaldehyde and formic acid. 

(li) Ethane — Acet- and form-aldehydes and formic acid. 

(ill) Ethylene — Acci- and form -aldehydes and formic and. 

(iv) Acetylene — C 2 H 2 O 2 and its polymerido polyglycolide (CjHaOj)** 
formaldehyde and formic acid. 

All the foregoing features pointed unmistakably to an initial association of the 
hydrocarbon and oxygen produemg m each case an oxygenated molecule which 
subsequently either decomposes or is further oxidised, according to circum- 
stances ; indeed, in this respect the evidence was quite conclusive. 

(4) The Initial Prodaci . — ^A prime consideration was the nature of the initial 
oxygenated molecule , but here at first matters were so uncertain that for some 
time I halted between two opinions. For while most of the facts accorded vnth 
H. E. Armstrong’s view of the successive stages of hydroxylation, proof of an 
initial formation of either methyl alcohol m the case of methane, or of ethyl 
alcohol in that of ethane, although dihgently sought for, was wanting. This 
deficiency was mitigated, however, on our findmg that ( 1 ) under our experi- 
mental conditions the alcohols in question were oxidised much faster than 
the corresponding hydrocarbons, and ( 11 ) on oxidation with ozone at 100®, 
ethane yields successively ethyl alcohol, acotaldtdiyde and acetic acid,* thus : — 


CH3 CH3 

I 1 

CH3 CIIaOH 


OH3 

I 

CH(OII)a 

r .OH 

Ha0 + CH3.CH0 — > 

^0 


Finally the void haw boon filled by the decisive proof recently obtained by 
* J, Diugman, ‘ J. Chem. Soo vol. 89, p. 939 (1906). 
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Dm. D. M. Newitt and A. E. Haffner of the primary and plentiful formation 
of methyl alcohol in the direct prosflure-oxidation of methane.* 

In the case of ethylene, also, where the early appearance of acetaldehyde 
pointed to an initial formation of its very unstable isomeride vinyl alcohol, 
H,C : CH(OH), the evidence of hydroxylation was fairly clear ; but in the 
case of acetylene, the simultaneous formation of carbonic oxide and formalde- 
hyde, following the appearance of a polymcndc of glyoxal, pointed to an 
initial formation of which the recent work of Kistiakowsky and 

Lenher in Americaf leaves no room for doubt was indeed glyoxal H . C : 0. 

H . C : 0. 

Viewing the evidence broadly and as a whole from the standpoint of organic 
chemistry, it seems difficult to explain the outstanding fact that in all the cases 
under consideration the hydrocarbon was oxidised to oxides of carbon, steam 
and aldehydes, mihout any liberation of either carbon or hydrogen, except on 
the supposition of such products having arisen by the thermal decomposition of 
some intermediate hydroxylated mole<iul(» or molecules , and to my mind tliis is a 
ruling consideration, irrespective of other and more direct evidence of “ hydroxy- 
lation which has recently come to light. For to me it seems almost incon- 
ceivable that the foregoing products could arise, without any liberation of carbon 
or hydrogen from the thermal decompositions of unhydroxylated molecules of 
(say) a “ peroxide type. 

(6) General Course of Oxulalion -We were thus led to visualise the slow 
oxidation of these hydroc^arbons — subject to the aforementioned fromso 
about the initial stage m the case of acetylene — as essentially involving through- 
out a series of successive hydroxylation and thermal decomiKisitions, mainly 
as follows . — 

(а) CH* -V CHaOH - OH.(OH )2 OH OH 

HjO+H, : C : 0 -> H.C:0 H0.C:0 

HjO + CO HjO + COj 

(б) HaC.CHa-^HaC.CHjOH - HaC.CH(0H)a OH OH 

HjO + HaC.OHO -> HgC . C : 0 

HaO+CO+Ha . C . O 

etc. 

* ‘ Proc. Roy. Soc./ A, voL 134, p 691 (1932). 
t ' J. Amer. Chem. Soc.,* vol. 62. p. 3786 (1930). 
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(c) H,C : CH, ^ HgC : (H(OH) -> (HO)CH : CH(OH) OH OH 

HjC C:H0 2 Hj . C . O - H . C . 0 - ho . C : 0 

HjO + CO HaO+CO* 

id) HC.CH C^HjOj OH OH 

CO + HjiC 0 - H 0:0 - HO C 0 

H/) + (X) HaO + COa 

The requirements of the scheme were also satisfied by the results of “ circu- 
lation ” experiments upon the oxidations of ethyl alcohol, acetaldehyde and 
formaldehyde vapours, respectively, so that the cumulative effect of the 
evidence as a whole seemed irresistible. It also satisfactorily solved the 
enigma of the production of carbonic anhydride in circumstances precluding 
its having arisen through carbonic oxide 


(B) Extension of the Theory to Explosive Combustion 

(1) General Cmsideraiiom — Although the conditions prevailing in hydro- 
carbon flames and explosions are obviously much more complex than those 
of slow combustion, it soon became evident that the mam course of the chemical 
changes concerned therein may be satisfactorily interpreted on the supposition 
that the result of the initial encounters between hydrocarbon and oxygen is 
the same m both, namely, the formation of an “ oxygenated ” (and usually 
a “ hydroxylated ^’) molecule Undoubtedly at the higher temperatures of 
flames, secondary thermal decompositions come into piny at an earlier stage, 
and play a more conspicuous role, than in slow combustion, but there are the 
strongest reasons for believing that they do not precede the onslaught of the 
oxygen upon the hydrocarbon, but arise in consequence thereof Moreover, 
on both thermo-chemical and kuustic grounds, it seems probable that in 
explosive combustion, whenever the oxygen supply suffices, there will bo a 
“ non-stop ” run through the mon-hydroxy to the di-hydroxy stage before 
thermal decomposition occurs , albeit, m default of such oxygen sufficiency 
some decomposition at the mon-hydroxy stage would probably occur. 

In view of the complexities of flames and of the great difficulties m tracking 
by chemical analysis the course of events therein, the utmost that can be 
reasonably required of any acceptable theory about them is that it shall be 
consistent with facts, provide a rational view thereof, and in a general way 
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enable the main happenings m a particular case to be predicted. It can 
scarcely be expected that in all circumstances all the combustible molecules 
will be attacked by the oxygen in precisely the same way, for no such uni- 
formity seems possible, and in any given circumstances a small percentage of 
abnormalities may arise. 

What we are now concerned with, however, are the normal occurrences, and 
I will endeavour to demonstrate some of the more outstanding features of the 
explosive combustion of hydrocarbons and how they fall into line with, and 
can be (‘xplaiiied by, the theory as already outlmed. 

(2) Thermal Decomposiltons of Alcohols a^nd Aldehydes. — Before doing so, 
however, something must be said about how the vanous oxygenated molecules 
intcrmedially formed during slow combustion would or might be thermally 
decomposed in flam(‘s. Fortunately, information is available concermng the 
effects of heat upon some of them, though in places it is incomplete. More- 
over, with one or two exceptions, their mode of decomposition varies with 
temperatui'c, and therefore it is well to remember that there are wide differences 
m the mean temperatures of flames, especially according as the composition 
of the explosive medium concerned is near one or other of the limits of mflam- 
mability or far removed from both of them. 

Alcohols. — At fairly low temperatures the vapours of primary alcohols 
decompose pnmanly into steam and an unsaturated hydrocarbon molecule or 
residue, but at higher temperatures into hydrogen and the corresponding 
aldehydes. In mtermediate ranges both changes may occur simultaneously, 
and in flames they are always followed by secondary decompositions and/or 
hydrogenations, according to circumstances. Thus, for example, we might 
have : — 


CHjOH primarily resolved into (i) : C + HjO and/or (u) Hg : C : 0 + H* 

(—9*3 K.C.Us.), followed by secondary resolutions of the Hg.’C; 
residues ultimately into C -f Hj and of the Hg . C : 0 into Hg -j- CO 
{vide formaldehyde), and (m favourable circumstances) by hydro- 
genations of Hg . C . residues to CH^. 

CgHjOH pnmanly resolved into (i) CgHi -(- HgO ( f 7 K.C.Us.) and/or 
(n) Hg + CHj . CHO (— 10 K C.Ua ), followed by secondary resolutions 
of CgH 4 into CgHg + Hg and/or 2 C + 2 H 2 , and of CH 3 .CHO into 
CH 4 + CO and/or C + 2 H 2 + CO {vide acetaldehyde). 

Aldehydes * At temperatures between about 400° and 600° (or thereabouts) 
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aldehyde vapours containing one — CHO group and one or more other carbon 
atoms are primarily resolved into CO and a saturated hydrocarbon ; thus with 
acetaldehyde : — 

(0 (^3 . CHO -- CH4 + CO + 2 K.C.Us 

With further rising temperature, the breakdown becomes progressively more 
complete, tending at very high temperatures to some such final stage as — 

(11) CH3 CHO - C + 2H2 + CO* - 19 8 K C Us 

Foftnaldehyde . — It is important to note (1) that of all the orcygenated mole- 
cules known to be formed in slow combustion, the vapour of formaldehyde is 
pre-eminently that which at all temperatures in flames decomposes primarily 
into carbonic oxide and hydrogen (plus maybe, some trace of methane) without 
any separation of carbon whatevtT, thus . — 


HaiC.O^H^ f CO . -13-5K.CUS. 


and (11) that, since H2 C 0 is inherently a much stabler configuration than 
H . C OH, it would readily be formed therefrom, an important consideration 
m connection with tlic partial combustion of olefines 
Glyoxal vapour probably would be resolved at all temperatures primarily 
into CO + H2*C: 0 and secondarily into 2CO + Hj, also without any carbon 
deposition, but precise knowledge is wanting. 

Consequently, whenever the explosion of a hydrocarbon-oxygen medium 
results in substantially nothing but carbonic oxide and hydrogen, without 
any carbon deposition, an intermediate formation of formaldehyde, or possibly 
glyoxal (or both), may reasonably be inferred. 

Seeing that my own experiments have been mainly concerned with the 
explosive combustion of gaseous hydrocarbons whose molecules contain not 
more than four C-atoms, in what follows under this section I shall not go 
beyond them. Indeed, beyond the Ca-mcrabcrs conditions rapidly get so 
complex and incalculable that the difficulties of chemical interpretation soon 


♦ The whole sequence may perhaps be pictured as follows : — 


('Ha . CHO ^ (JH 4 + CO 


> CHa f 


|2H| 

iH.J 


. CH, 4-H+C0 -> 

f3H 1 f4H ] 


which would account for the spectrographic evidence of the presence of .CHj, CH,, CH 
and :C: in such hydrocarbon flames ; and so with other similar decompositions. 
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become insuperable, owmg to the rapidly increasing number of possible 
secondary reactions masking the primary changes. Also, from a chemical 
point of view, most is to bo learnt from explosions of media containing no 


more 


oxygen than the C„H„ -f- ^ 0^ proportion ; indeed between about the 

2 

+ ’LiJ? Oa proportion and that required for complete combustion 

A 


all tliat can be revealed by chemical analysis is the operation of the 
“ water-gas reaction ’’ CO + OHj CO 2 + H 2 during the cooling period. 

(3) Kehtive Combust ibilUies of Hydrocarbons and Hydrogen or Carbonic 
Oxide, — The first general fact to lay hold of is that, as will be shown presently, 
the affinities of hydrocarbons so greatly exceed that of cither hydrogen or 
carbonic oxide for oxygen that m explosions of hydrocarbon-hydrogen (or 
carbonic oxide)-oxygen media where oxygen is very deficient the hydrocarbon 
18 burnt, as it were, preferentially. Moreover, the mutual affinity between 
oxygvn and a hydrocarbon so overpowers any tendency for the latter to 
discompose thermally in flames that, whenever there is free oxygen at hand m 
the medium, a hydrocarbon molecuh* will always combine with it rather than 
decompose Hence the old notion, which still haunts chemical literature, of 
a hydrocarbon molecule normally undergoing thermal decomposition before 
oxidation in homogeneous explosions must be abandoned. For such decom- 
position will only occur in regions where no oxygen is at hand for the hydro- 
carbon to lay liold of This being so, it is wrong to speak of the preferential 
combustion of cither hydrogen or carbon m hydrocarbon flames , on the 
contrary, the hydrocarbon molecule, though it may have been “ activated,” 
is still intact when it seizes and incorporates the oxygen, whether atomic or 
molecular. 

Expennienis,- {a) To illustrate these points, I cannot do better than repeat 
a very striking experiment, first made in my laboratory in 1906, in which a 
mixture of acetylene and electrolytic gas of the composition CjHj + Oa + 2H, 
was exploded in a sealed glass bulb at an initial pressure, p^, of 634 mm The 
oxygen has here the opportunity of dividing itself between the hydrocarbon 
and the hydrogen, according to its relative affinities for them ; and anyone, 
not knowmg beforehand what actually happens, would probably predict some, 
and possibly a large, formation of steam as well as a resolution of part of the 
acetylene into its elements. Yet on firing the mixture, as you will see, a 
sharp bluish flame fills the vessel, but neither carbon separates nor does any 
steam condense on cooling. In the experiment made in my laboratory, the 
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preBfiure of the products in the bulb after the explosion, 653 mm., 

the ratio pjpi being 1'22, and their percentage composition was — 

CO2 = 0*2, CO = 39*8, CH4 = 0*2, and H2 = 59*8 per cent * 

showing that the whole of the original acetylene had been burnt to carbonic 
oxide and hydrogen, leaving the origmal hydrogen quite intact, in accordance 
with the equation : — 

C2H2 ~\~ O2 -f- 2II2 ■= 2CO 3H2. 

Our recent photographic investigation of this explosion has shewn its flame 
to be a very compact layer of incandescent gas, about 1 cm. in thickness, 
with sharply defined front and no “ after-burning,” in which the duration of 
luminosity is I *6 millisecs only. Indeed we have found this to be the most 
intensively burning of all mixtures of acetylene and electrolytic gas, in the 
sense of both time and space concentration of the chemical change 

(6) To prove that such result is not due to any peculiarity of acetylene, I 
will next similarly explode a mixture of ethylene, hydrogen and oxygen of the' 
composition C2H4 Oj +- Hg at an initial pressure, of 600 mm , when it 
will agam be seen that neither carbon separates nor does any steam condense 
on cooling The pressure of the explosion products, p2» will be circa 900 mm. 
{P2/Pi = f'^9) *^ud their composition — 

CO2 = 0-35, CO =- 39-6, CjHa 1 25, CH4 = 3*65, and Hg -= 55-15,* 

showing that substantially the whole of the ethylene has been burnt to car- 
bonic oxide and hydrogen, leaving the original hydrogen intact, as follows ■ — 

(^2114 f Oa h Ha - 2CO + 2H2. 

(c) Much the same result is obtained, as will now be sliewn, by similarly 
exploding a mixture of propylene, hydrogen and oxygen correspondmg with 
the formula CgH^ -f UOg + Ha- When the experiment was made in my 
laboratory at an imtial pressure of p^ ~ 497 mm , the whole of the carbon was 
accounted for in the gaseous products and only 10 per cent of the original 
oxygen appeared as water, the details of expeiimont bemg as follows : — 

Pj = 497 mm , pa ~ 847 -8 mm., pjpi “ 1-705. 

Gaseous Products — COg — 1-10, CO = 43-5, C„II„ = 0-8, (!H4 — 2-4 and 
H, = 62 - 2 per cent. 

• It may be pointed out that the very email percentages of carbon dioxide in these 
products IS in itself a proof of practically no steam having been formed during the explosions. 
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Such data nearly correspond with the equation : — 

CsHe + 1 - SOa + == SCO f 

I would commend these experiments to my fellow-workers in the field as 
being of the highest sigiiihcance in connection with the theory of explosive 
combustion generally And I would also direct their attention to the photo- 
graphic studu‘s of “ Explosions of Mixtures of Acetylene and Electrolytic 
Gas recently published from my laboratories m which the subject is dealt 
with nioT(‘ fully than is possible here.* 

(4) Evidence from Explosions of Metham, Ethane, Ethylene and Acetylene 
with its own vohnne of Oxygen. Methane,— -It has already been mentioned that 
on explosion with its own volume of oxygen — or just half that required for 
complete combustion — ^methane yields principally (jarbonic oxide, hydrogen 
and steam, in conformity with the equation : — 

CH 4 + Oa - CO + Ha + HaO, 

although a rtdatively small amount of carbon dioxide is produced owing to 
the “ water-gas reaction CO + OHj COg + Ha coming into play durmg 
the cooling period. 

Experiment —This will be demonstrated by firing the mixture m a sealed 
glass bulb at an initial pressure of 730 mm. There is a sharp bluish flame 
without any separation of carbon, but steam is 8 c‘en to condense on cooling. 
If time permitted an examination of the cold gaseous products, their pressure 
would be found to be about 760 mm. (Pa/Pi = 1‘027) and their composition 
as follows 

COa = 6*5, CO — 42*0, Hg == 50-5, and CH 4 = 1 *2 per cent 

Such result is just what might be predicted from the hydroxylation ” 
theory, supposmg a “ non-stop ” run through the mon-hydroxy to the di- 
Aydroccy-stage followed immediately by a complete breakdown of formaldehyde 
into carbonic oxide and hydrogen and subsequent “ water gas reaction ” during 
the cooling thus 

CH 4 CH 3 OH ► CHa (OH)a 

HaO + Ha.cTb 

, * , 

Ha + CO 

and CO + HaO CO + Hg. 

* W. A. Bone, R. P. Fraser and F. Lake, ‘ Proo. Roy, Soo ,* A, vol. 131, p. 1 (1931). 
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Although at atmospheric pressure, methane-oxygen mixtures containing leas 
than 40 per cent, of oxygen are non-expIosive, yot by sufiioienlly raising the 
pressure they become so down to the 70 CH4/30 Oj limit or thereabouts. My 
colleague, Dr. D. T. A. Towneiid, who recently investigated the matter very 
thoroughly, found the results of their explosions to agree well with the 
theory, breakdowns occurring at both the mono- and dihydroxy-atages.* 
When, for instance, a ICH4 + mixture was exploded in a bomb at 
initial pressures of 6 and 10 atmospheres respectively, neither was any 
carbon deposited nor did more than about 2 per cent, of the original 
methane survive m the products, proving that the original oxygen had been 
initially distributed over much more than its own volume of the hydro- 
carbon, a conclusion which was also continned by his other experiments. 
Another point of importance was that the proportion of oxygen surviving 
as steam in the final products at corresponding pressures was grcati^st m 
the 5CII4 + 20 j and least with the 3CH4 + explosions, which latter 
seemed to mark a definite turning point It maybe point(‘d out, in passing, 
that such facts, while quite consistent with the hydioxylation point of view, 
are opposed to recent suppositions about an initial “ peroxidation '' 

Ethane. — (a) “ Inflammation,*' The explosion of an equimolecular mixture 
of ethane and oxygen was immediately seen to be crucial as between the 
former idea of a preferential burning of the carbon and the “ hydroxylation ” 
theory. For, whereas, according to the former, only carbonic oxide and 
hydrogen should result, thus : 

CjHe -i’ Oa = 2CO + 3Ha, with pjp^ = 2 '5, 

the hydroxylation ” theory would require the formation of methane, carbon, 
hydrogen, carbonic oxide and steam, with some carbon deposition and a pjpi 
ratio < 2*6 as follows : — 

CjHe ^ CaH-OH > CH3.CH(OH)a 

. ^ ^ 

H2O + CH3 . CHO 

I ' CH4 + CO ' 'j 
lc + 2H, + C'0j 

Experiment . — The experiment will now U' repeated of firing a C3H4 -f- Oj mix- 
ture in a sealed bulb at an initial pressure {p^) of 730 mm. It will be observed 

♦ ‘ Proe. Ro>. Soc A, vol. 110. p. 037 (1927). 
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that a luncl yellowish-red flame fills the vessel, accompanied by a black cloud 
of carbon particles ; and a close msp(‘ction will reveal a considerable condensa- 
tion of water also If the bulb were opened, rinsed out with water, the 
presence of aldehydic products could be demonstrated by means of Sohiff’s 
reagent. A detailed examination of the cold gaseous products would show 
their pressure to be some 60 per cent greater than that of the original mixtures 
iPtIPi = l*b)» aud their composition as follows : — 

COa = 4-2, CO == 33-5, = 2-7, CH^ -= ll-O, and = 48-6 per cent., 

about one-sixth of the original carbon having been deposited as such. All 
this IS in conformity with the hydroxylation theory. 

It should be noted that in su(;h an explosion the proportions of carbon 
separating during the reactions and of steam surviving in the products therein 
vary with the flame temperature and rate of cooling, both of which arc 
influenced by the surface/ volume ratio of the containing vessel The smaller 
this ratio the hotter the flame and the slower the cooling, and, while the former 
favours carbon deposition, the latter allows of more imbummg of the steam by 
carbon C + OH^ (JO H 2 . Indeed both the sejiaration of carbon and the 
formation of steam and oxides of carbon in hydrocarbon exjilosions are 
secondary effects in tlic sense that all result from the thermal d(*coniposition 
of the primary oxidation jiroducts. 

Expennwnls shmimg Effects of Firing a Og Mixture in (a) a Long TubSy 

and (6) Globe of Equal Capacity 

This point may be illustrated by firing the equimolecular CjHg 4* Og mixture 
in two glass vessels having approximately the same volume but widely different 
surface areas. For this purpose (a) a closed tube about 100 cm long and 
2-5 cm internal diameter, and (6) a globe of 9-5 cm internal diameter have 
been selected Both these vessels have the same volume (area 500 c.c.), but 
the surface area of th(* tube is about 2*76 times greater than that of the globe. 
They have both been previously filled with the same C 2 He O 2 mixture 
at a pressure of about 700 mm. On now comparing the results of the two 
explosions, it is at once evident that more water and less carbon have survived 
in the tube than in the globe experiment Indeed the pjpi ratio is about 
1*46 only in the former as compared with about 1*75 in the latter, and an 
examination of the products would show that tlie difference is accounted for 
by a much greater survival of steam, aldehydes, acetylene and ethylene m 
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the tube experiment. Thus, in similar experiments (Table I) in my laboratories 
wo found ; — 

Tab](' I. — Inflammation of an Equimolecular Mixture of Etiiaru* 
and Oxygen. 

Jn larn*' 


Pi 701 mm. I 08.7 mm 

Pa 1018 11H7 

pjpi 1 47 [ I 7.» 
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Liirhon, HjO and aldehyde 

1 ^ 

21) 

37 8 

18 

1 20 

27 5 


(b) “ Detonation” It was the* r(‘sult of sueli an experiment as the foregoing 
which finally convineed the late 11. B Dixon, who was following the investiga- 
tion very closely, of the validity of the liydroxylation ” theory as applied 
to ordinary explosion flat*.jB and made him curious to know whether it could 
bo extended to detonation ” also Accordingly, this being a criuual casc^ 
in 1905 -00 both ho and I quite independently succeeded in d<*tonating ” an 
equnnolecailar mixture of ethane and oxygen m a leaden coil at initial pressures, 
(^i) between 1*6 and 1-75 atmospluTe.s. In each case a little carbon was 
deposited, and steam condens(‘d on cooling, while the ratio of the pressure of 
the cold gaseous products (pj). which contained about 8 per cent, of methane, 
to that of the original mixture was from 1 *9 to 2 0, and the rate of detonation 
was 2180 metres per second. 

Unfortunately, it is not possible to repeat the experiment on a lecture table, 
so I must be content with reproducing the following particulars of our 1905-06 
results which satisfied us both that, even under the extreme conditions of 
detonation, the main reactions had been as predicted by the theory, though 
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naturally there has been greater “ shattering ” of the CH 3 . CHO molecules 
and subsequent unburning of steam by the separated carbon than in the 
nulder initial phase of the explosion combustion. 


Detonation of a CjHfl -f- 0^ Mixture. 



Pi- 

Pt 

ptfpi 

Percentago compositiun of gaseous 
products 

COa. 

CO. 

C,H„. 

CH4. 

H. 

H. B D 

W A. B. 

mm 

vm 

1180 

mm 

2725 

2240 

2 00 

1 00 


I 

.38 55 

39 10 

1 

1 10 

1 40 

8 15 
! 7 70 

1 

61 10* 
50 00 


• Common tin^iT ujKni thiu result in a private i ommunication to me, dated March 8, 1927, 
Dixon said . '* I think the mam reaction taking place in the explosion wave ib the ono 1 under- 
Btand you adopt -- 

h O, -- CH3 CUO f Jf.O 
CHj . CHO - CH4 1 CO 

But I would not conclude the other reaction (he was refornug to O’lH* | Oj- 2CO | 3H|]as 
impossible because this is the main one. 1 imagine the oxygen luoleouloa running into the ethaiio 
mole< ulea at all sorts of angles, with regard to the * axis of orientation * of the ethane and there- 
fore possibly uniting with the two carbons straight You, I take it, consider the ethane to 
swallow the oxygon whole and then split up as in the above equation/’ 

Those results were also borne out by those, winch I communicaiod to the 
Society in 1916,* of a series of C2H5 + O2 explosions in bombs at various 
imtial pressures lictween 10 and 40 atmosplieres. 

Ethylene and Acetylene , — The preferential burning of carbon which apparently 
occurs when c‘ither ethylene or acetylene is (exploded with its own volume ot 
oxygen, is just what would be predicted from the theory outbned herein as 
follows : — 


(1) Ha(J . CII2 — ^ [HgC : CIIOH] 


0 O 

(u) HC:GH HC.CH 

COH Ho:C:0 

H 3+00 

* ‘ Phil. Trans.,’ A, vnl. 216, p. 310 (1027). 


H H 

HO.C.O OH 
2 H3 : 0 . 0 
2II3 + 2CO 
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jBxperimewis. — ^Each of these equimoleeular (rt) CaH 4 + Og and (b) CgHa+Oa 
nuxtures will now be fired in sealed bulbs at an initial proHsure (p^) of about 
500 mm. It will be seen that m neither case is there oven the slightest separa- 
tion of carbon on condensation of steam on cooling, which is in striking contrast 
with what happened in the corresponding C 2 Hg + Og explosion. An investi- 
gation of the cold products would reveal m each caav a large increase in the 
pressure — ^namely, (a) almost a doubling m the ethylene-, and ( 6 ) by nearly 
50 per cent, in the acetylene-explosion — and their composition would be : — 

(а) COa = 0-5, CO = 50*0, Hg = 47*5, and CH^ = 2-0 per cent, with 

= 1 - 95 * 

( б ) COj = 0-75, CO--- 67 0 , Hg = 30-76, and por cent, with 

1-47.* 

(5) Contrast between the Behaviours of Paraffins and the corresponding Olefines 
in Explosions of a + Oa mid (\H 2 n + j Oa Mu fares. 

T now corner to a most arresting and significant feature of the experimental 
cvid(‘nce to which I would invite the closest attention. It is that whereas 
all the gaseous hydrocarbons of the senes (?.e , ethylene, propylene, 

tnmethylene and butylene) on explosion with a proportion of oxygen 

C„Ha„ + ^7 O 3 always yield substantially carbonic oxide and hydrogen only 

without any separation of carbon oi material steam formation — as though 
there had been a preferential burning of their carbon m accordance with the 
equation 

C„H 2 „ + ^iOg = nCO + Hg- 

explosions of the corresponding members of the paraffin 

senes (t.e., ethane, propane, and butane) with oxygen m the 

C«H 2 nt -2 + ^^^2 proportion, all result m dense clouds of carbon, steam, 

methane and oxides of carbon, just as has already been seen in the case of the 
CaHfl + Og mixture. 

Experiments. — In order further to demonstrate and drive homo this crucial 
point, two series of scaled bulbs, (a) the one filled at 500 nun. with olefine 

C„Hin + r Diixturos and ( 6 ) the other at 750 mm. with the corresponding 
2 

* Here again, it may be pointed out, the very small peroontagea of carbon dioxide in 
the products prove the practical non- formation of steam during the explosions. 
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parafliu C„H2„+2 + - ^2 mixtures will now be exploded, the results being 

supplemented jn Table II by full particulars of similar experiments carried 
out m my laboratories. 

It is difficult to explain Ihe very significant behaviours of such olefine 

C„Ha„ + 7 Og mixtures except by supposing that thtur explosions involve 

the successive eliminations of some oxygenated group or substance, such as 
formaldehyde, capable of rapidly decomposmg in the flame into equal volumes 
of carbonic oxide and hydrogen without carbon separation or material steam- 
formation. In the case of propylene, for example, the process might perhaps 
be rather crudely pictun^d, somewhat as follows ; — 

CHa.CITOH^ CHa.CHiCHOH - CH^ . CHg + * C : 0 

c6+h^ 

OHjrCHOH CHOII CHOH 

2112 • ^ : e 

'' , 

2CO^| 2H8 

On the oth(‘i hand, it is much harder to conceive of such result as following 
upon (say) an initial “ peroxidation ” of the propylene to CH3 . OH OHo in the 

0 — 0 

flame because of the probability of the latter decomposmg immediately into 

OH3 . Clio + Ha ; C : 0 
r CH4 + 00 1 co + hI 
Ic + 2Ha + coj 

Indeed, the non-production of carbon, together with the negligibly small 
appearance of methane, in such explosions seems to me decisive as between the 
“ hydroxylation ” and “ peroxidation theories. 

(6) Explosions of Olefine-Oxygen Mixtures containing less Oxygen than 

OnH^n+lO^. 

Another very renmrkablc feature of the explosion of olefine-oxygen 
mixtures is that whereas little or no steam is produced when the oxygen 
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Table 11 — Results of Comparative Explosions of - Oj and C„H2„+-0j Mixtures. 
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present 


correspoiids with the 



Og proportion, more and more of 


it will appear in the cooled products if and as the oxygen-ratio is progressively 
dmunished therefiom, even though progressively more carbon is simul- 
taneously deposited. 

Espermient — To illustrate this point, mixtures 3C2H4 + 20a, C3H0 + IJOa 
and C4H8 + IJOa respocitively, will now be exploded m sealed bulbs at initial 
pressures of ctrea 600 mrn It will be seen that in each case the flame is 
accompanied by a copious separation of carbon, and an inspection of the cooled 
products Will enable the f ondenaation of steam to Ikj verified. 

Particulars of similar experiments previously earned out in my laboratories 
are shown in Table III as follows. 


Table III. — Results of Olefine-Oxygen Explosions. 


Original mivture 


3C,H4 h 20, 


C'.H. h UO,. 


O4H, + 40,. 


Vi (mm ) 
PilPi 


Poroontage 
composition 
of gaseous 
products 


1 

1 

1 

562 3 ’ 

H16 4 

1 45 , 

682 0 
1213 0 

1 78 


2 50 

^ 20 

CO 

37 20 1 

43 05 


6 40 

4 90 

C’H, 

6 60 

6 90 

H, 

47 '40 1 

41 95 


574 0 
1094 0 
MH> 


3 50 

41 40 

4 75 
7 56 

42 80 



C 

H.. 

0 , 

c. 

H, 

0, 

C. 

H.. 

0 . 

Units in original mixture 

670 

670 : 

227 

918 

918 

37« 

899 

899 

347 

,, gaseous prodiictH 

482 

672 

172 

763 

766 1 

300 

678 

713 j 

265 

DifforenceB 

1 

188 

98 

65 

165 

1 

152 

76 

! 

221 

186 

82 

Percentage of original 0, in condensed 
products as H,0 and aldehyde 


24 4 



20 



23 6 



General features — ('arboa deposited and steam condensed on cuuhng. Products gave distinct 
aldehydic reactions. 


Again, such results are what might be anticipated from the hydroxylation 
theory ; because, whenever the oxygen originally present m the medium is less 
than that which is requisite for the successive elimination as H2 : C : 0 of 
all the postulated * CH2 units, there must finally be some breakdown of a 
CH : CHOH complex with production of both carbon and steam. And 
further experiment showing that in such circumstances the proportion of the 
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original oxygen surviving as steam m the cold products increases always 
with a growing oxygen-defect m the original medium strongly supported 
“ hydroxylation/* 

In addition to these experiments which have been specifically referred to, 
during years 1900 15 we made a great many others, cnibracmg cv<*ry possible 
condition between slow combustion and detonation, and at initial pressures 
ranging from as low as onc-tlurd of an atmosphere up to as high as about 
50 atmospheres, and the cumulative effect of all the evidence so obtained 
was so overwhelmingly in favour of the “ hydroxylation ” theory that the 
latt<*r was left firmly established as a working theory m terms of whirli all the 
then known facts could be eorrcIat(‘d and exprossod And, 1 still regard it us 
uffordmg the best gen(*ral view of the normal course of hydrocarbon com- 
bustion. 


III. — Recent Developments — Hydroxylation t? Peroxidation. 

In recent years th(j number of workers in the field has so multiplied the 
world over that the task of reviewing the results of all their activities is 
impossible of accomplishment witlun the limits at my disposal , the utmost 
I can attempt is to deal with matters of outstanding interest only m so far 
as they bear upon the mechanism of hydroearbon-combustion. 

Most of the new evidence has been derived from experiments upon slow 
eomlmstion , much of it relates to that of the hydrocarbons found in petrol, 
and, owing to their much greater inherent complexities, it is far less 
amenable to interpretation than that derived from the simpler gaseous hydro- 
carbons which have so far been considered 

Another difficulty is that rarely have recent authors published sufiiciently 
detailed analytical results for any sure conclusion being drawn concerning 
the mterpretation of theur work ; for it cannot be too strongly insisted that 
inferences drawn merely from observed pressure-time records and the like, 
without complete quantitative analytical data enabling “ carbon-hydrogen - 
oxygen ” balances to bo made at a sufficient number of selected points so as to 
manifest what is actually going on in the medium, may be quite unreliable and 
misleading. Also, conclusions which may be rightly drawn from a study 
of one particular case under narrowly restricted conditions must be 
carefully weighed and compared with well-authenticated facts previously 
observed in other cases of hydrocarbon combustion before being accepted as 
generally applicable to the problem as a whole. Moreover, care needs to be 
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taken to diserimuiate betsveeii the usual and unusual courses of events observ- 
able in any particular circumstances so as to avoid mistaking tlie abnormal 
for the normal, or the secondary for the primary, happening. For, especially 
m regard to <‘xplo.sive combustion, it is always tlie balance of evidence that is 
of most importance 

(i) Formation of Aldehydes, Aleohols, etc— In regard to recent experimental 
work on slow rombusfion, the intermediary formation of aldehydes has been 
so abundantly confirtucd by numerous investigators that it is now part of the 
generally accepted facts which any valid theory must account for. Also, several 
observ<Ts liave proved the intermediate formation of alcohols. Indeed, the 
tendency lias been to increase rather than dimmish the number of such 
recognisable mti*rmediatc products, with the result that some of the more 
recently devist‘d “ oxidation ” schemes purporting to account for them appear 
fantastically complex. 

(ii) Induction and Reaction Periods %n Slow Combustion, — Another fact 
whicli has been commonly observed m cases of slow combustion at low tempera- 
tures IS the occurrence of a well-defined “ induction period,” before any dis- 
cernible reaction sets m, when a homogeneous hydrocarbon-oxygen mixture is 
introduced into an enclosure maintained at a constant temperature conducive 
to a measurable non-explosive oxidation without the medium being thereby 
self-heated. 

The duration of such “ induction period,'' wluch is marked by th(‘ absence 
of any perceptible pressure-change' m the medium, depeneis m any particular 
case upon such factors as temperature, pressure and the proportion of hydro- 
carbon to oxygen ui the medium ; but at the end of it tlie pressure begins to 
rise fairly rapidly, continuing to do so during tlie subseipient reaction period,” 
and finally becoming constant again at some higher level when oxidation has 
ceased. The duration of tlie ” reaction-period ” is similarly dejiendent upon 
the same factors as control the induction-period, and both are considerably 
shortened by the presenci* of quite small amounts of moistur*', alcohols 
aldehydes, etc., in the system * 

(iii) Durations of Induction and Reaction Periods dependent upon Hydro- 
carbon Concentration,SeyexA\ investigators have confirmed, what had first 
been observed more than 26 yi'ars ago, that the rate of reaction in such homo- 

* Kxpenmental proof of the statemontB contained m this paragrapli was given in two 
recent papers from my Jaboratoncs relating to the slow combustion of ethane and methane, 
respectively, * Proc. Roy. Soc A, vol. 120, p. 434 (1030) and \ol. 134, p, 578, to which 
readers are referred. 
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geneous slow combustion is mainly df^pendtmi upon the hydrocarbon (and not 
the oxygen) concentration. Thus, for example, H. W. Thompson and C. N. 
Hmshelwood have observed that with both nudbane and ethylene, as well as with 
benzene, the rate of reaction increases very rapidly with increasing hydrocarbon 
concentration, but is relatively little influenced by oxygen* ; and in the case 
of acetylene, G. B. Kistiakowsky and S. Lenher found the rate of reaction 
proportional to the square of the hydrocarbon concentration but independent 
of that of the oxygen.f More recently still it has been proved m my labora- 
tories, that with each of tho first three membi'rs of the paraffin senes (i.e., 
methane, ethane and propane) both the shortest induction period and the 
fastest subsequent rate of oxidation arc obtained with a 2:1 hydrocarbon 
ratio m the medium, as the following comparative data show 


Table IH.^ Durations of (i) Induction, and (ii) Keuetion Periods, respectively, 
in the Slow Combustion of Hydrocarbon -Oxygen Mixtures. 


HydrcH arlmn. 

1 

j 

Mothano 


Ethaue. 

Propane 

Kthylene. 

Temperature, 'C 

' 

447 ’ 


j 

267 ’ 

300 “ 

Hydmoarbon-oxygen ratio 

.■il 

2.1 1‘1 

1 2 

21 11 1.2 

‘ 2>1 1.1 1.2 

1 

2 1 1:1 

Duration of— 

(i) Induetion-pcnod (minH j 

i! 10 

3 5 10 

18 

3 30 no 

1 

no 170 700 

16 

47 

(n) Ueoction peiiod (minH ) 

j 150 

3.5 400 

* 

13 36 236 

14 21 32 

11 

33 


• Too long to l)c mt'asurrd 


Nol^ The methane oxygen and ethyleiie-o xygon mixtuivii used were all saturated with moisture at room tempera* 
ture, but cUl the others (ethane and propane) were Pj05-diied 


Also, with propane and ethylene, we have recently found small amounts of 
aldehydes, but u’Uhout any “ peroxide,” to be formed towards the end of the 
“ induction period " 

(iv) The Initial Reaction — “ Peioxidatmi ” or “ Hydroxylation ” * — ^While 
none of the foregoing facts disagree with the “ hydroxylation ” theory— and 
there is now considerable consensus of opinion that, as was said 25 years ago, 
most probably the solution of the problem lies “ in the assumption of an initial 
atiomlion of the hydrocarbon and oxygen formmg an unstable ‘ oxygenatwl ’ 
molecule,”— some investigators prefer to regard the inilid association of the 

♦ ‘ Proc. Roy. Soc.,’ A, vol. I2ri, p. 277 (lft2fl). 
t ‘ J. Amer. Chem. Soc vol. 52, p. 3785 ( 1930) 
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hydrocarbon and oxygen as resulting in a “ peroxide ” rather than a hydroxy- 
latcd molecule, and we may now profitably consider this suggestion. 

Alkyl peroxides (e.jf , CH 3 .0 O . H, and CH 3 .0.0. CH 3 ) which were first 
descnbod by Baeyer and Villiger* m 1900-01 and have recently (1928-29) 
hoen re-investigated by Eieclie and his collaborators, f are prepared by acting 
upon a di-alkyl sulphate with hydrogen peroxide m alkaline solution. At 
room temperature all but the di-methyl-peroxide arc unstable endothermic 
liquids which readily explode* upon being suddenly heated or subjected to 
shock ; their explosive d(‘compoaition is very complex, producing mainly 
aldehydes and hydrogen together with hydrocarbons, alcohols, acids and 
steam. According to Kciche. an alkalim* solution of methyl-hydrogen-pcroxide 
decomposes 111 a complex manner with the principal formation of a formate and 
hydrogen. 

The suggestion of an initial peroxidation of a hydrocarbon m combustion 
seems to have sprung from certain observations purporting to show the forma- 
tion of substances of such a “ peroxide character when air is drawn through 
liquid hydrocarbons at fairly low temperatures ; and unstable “ alkyl per- 
oxides ” formed in such circumstances have been leported. 

In 1927 experiments made at the Imperial College, under the direction of the 
late Professor H. L. Callendar, upon the slow combustion of hexane, and which 
resulted in the formation of valeraldehyde, acetaldehyde and formaldehydes 
in great profusion without any detectable initial hexyl alcohol C 0 II 13 . OH, led 
him to consider that the initial oxidation of a hydrocarbon m air more jirobably 
involves the formation of an alkyl peroxide “ by the direct incorporation of the 
oxygen molecule in the hydrocarbon molecule and after direct collision/^ 
which subsequently decomposes giving rise to aldehydes and water thus : — 

H H HH H H 

R.CC.R + 0,() = RCC.R or R.C.O.O.C.R, ctc.J 

H H OH H H 

0 

H 

* * Ber. deutfl. cbem. Gos.,' vol. 33, p. 3387 (1900), and vol. 34, p. 738 (1901). 
t * Ber. deuts. ohem. Gcs.,’ vol. 61, p. 951 (1928), vol. 62, p. 218 (1929), and vol. 62, 
p. 2438 (1029). 

i * Kngineenng,* vol. 123, pp. 147, 182 and 210 (1027). 
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In a paper entitled “ Kinetics of the Oxidation of Ethylene ” communicatod 
to the Society in 1930, H. W. Thompson and C. N Hmshelwood* steered a 
via media between the two views by suggestmg that while “ the first stage of 
the reaction is the formation of an unstable peroxide ’* . . . there is 

no doubt that Bone’s interpretation of the complete course of oxidation as a 
process of successive hydroxylation is essentially correct *’ and that “the 
two views are not incompatible, and a combination of them suggests an explana- 
tion of the facts ” For (they continued) if the initial unstable C2H4 : Oj 
“ collides with another ethylene molecule the oxygen is shared and two hydroxy- 
lated molecules, e.j., CHOH, are produced, which continue the chain. If, 



however, the peroxide collides with oxygen it may either be decomposed or 
oxidised completely to stable products which do not happen to bo effective 
m continuing the chain.” 

Perhaps the latter view might be paraphrased thus. Although the iniiial 
collision between ethylene and oxygen molecules results m the unstable 
C2H4 . Og, the easiest next step is the formation of two CJHOH molecules by its 

CH2 

collision with a second ethylene molecule, m which case the furt^her oxidation 
proceeds by successive “hydroxylation”, and since collision with oxygen 
would result in stable products which would be ineffective in continuing the 
chain, the mam course of oxidation after the first collision will be by successive 
hydroxylations. 

Thus regarded, the two views would seem to bo so nearly alike that, for most 
practical purposes, the difference between them is of no great moment ; nor 
need they be mutually exclusive, and might perhaps even be supplementary. 
Only a very rash or inexperienced person would nowadays assert that every 
fruitful collision between hydrocarbon and oxygen molecules (or oxygen- 
atoms) must always have precisely the same result as regards the particular 
“ oxygenated ” molecule initially produced And m any given circumstances 
there is always the jpossMlity of the oxidation proceeding by 6of A of two likely 
routes, albeit for the most part by one of them. 

I shall endeavour to keep an open mind on the subject ; but, having during 
more than 30 years of continuous experimenting received so many satisfying 
proofs of an initial “ hydroxylation,” I should want some much more cogent 

* * Proc. Roy. Soc.,* A, vol. 126, p. 277 (1929). 
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and verifiable evidence of an initial “ peroxidation ” than has yet been forth- 
coming before I could accept it even in a supplementary sense. 

In examimng the kind of experimental evidence of it so far adduced, I am 
impressed mostly by its inadequacy and incompleteness. It is not enough to 
show, as some have done, that during the slow oxidation of a hydrocarbon 
products are formed capable of liberating iodine from a solution of potassium 
iodide, because, at least in presence of oxygen, aldehydes will do so. Nor 
would it suffice to prove the formation of some unidentified peroxide ” 
during th(* combustion process witliout also proving it to be the inUtal product 
and not merely a peroxide incidentally formed during the further oxidation of 
acetaldehyde or the like ; but so far such direct evidence has been wanting. 
From what 1 have read about their work, neither the late Professor Callendar 
in his experiments upon the slow combustion of hexane, nor yet Thompson and 
Hinshelwood in theirs upon ethylene, adduced any experimental proof of 
the actual presence of the peroxide whose tmital formation they postulated. 
And although for some time past my collaborators and self have diligently 
sought for some such proof, up to now our search has been m vain, although 
in certain <'ase8 we have found some evidence of peroxidation supervening 
upon the first appearance of acetaldehyde, etc. 

Perhaps the nearest approach to anything like direct evidence so far made 
is m some experiments by MM. P. Dumanois, P. Mordam-Monval and B, 
Quanqum* in which on passing mixtures of air with excess of the vapours 
of octane, heptane, hexane or pentane respectively through a tube maintained 
at 270°, a pale bluish flame accompanied by white acrid fumes was observed ; 
and on condensing the latter, two liquid layers separated, the lighter of which 
contained hydrocarbons, alcohols and aldehydes, while the heavier one con- 
tained an explosive oil with the properties of an alkyl peroxide which was not, 
however, identified. 

(v) Further Evidence from the Slow Combustion of Methane, Ethane, Propane 
and Ethylene — (a) Methane, If an initial “ peroxidation ” is general in hydro- 
carbon combustion, it must happen with methane, the simplest one of all. 
Accordingly, some time ago I decided to have its slow combustion thoroughly 
re-mvestigatcd in my laboratory, both at ordinary and under high pressures, 
with results which have been communicated to the Society f so recently that it 

* * C. R. Acad. Sci. PonH,’ vol. 191, p. 299 (1930) , ‘ Chim et Ind.,^ vol 27. p. 771 (1032). 

I W. A. Rone and R. E. AUum. ‘ Proc Roy. Soc A, vol. 134, p, fi78 (1932), and D M. 
Newitt and A. E. Haffner, %bxd p. 591. 
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scarcely seems necessary to recall them now. Suffice it to say that, while no 
sign whatever of “ peroxidation could be detected at any stage of the process, 
substantial quantities of methyl alcohol and formaldehyde were isolated 
m the pressure-oxidation, and the most reactive methane-oxygen mixture 
was found to be that having the alcohol-forming 2CH4 0^ composition I 
can scarcely conceive of any stronger evidence of “ hydroxylation,” or that 
can be less gainsaid. 

(fc) Ethane — ^With rofenmee to ethane, the next higher paraffin, I need only 
recall how we had previously shown in similar expenmtmts that at 316° and 
aimospheruj pressure the alcohol-forming 2C2lIe + O2 mixture is much more 
reactive than the equimolccular one ; and although mconsidiTable amounts 
of some “ peroxide ” were undoubtedly formed as a concomitant of acetalde- 
hyde, no evidence was forthcoming of any oarln*r “ peroxide ” occurrence. 
Indc*(‘d the experiments made me wonder whether other workers may not 
have confusiMl peroxidation of intermedially formed aldehydes with that of 
the original hydrocarbon. In this connection it may not be out of place to 
quote Messrs A C Egerton and S. F Gates, who, m discussing the action of 
“ anti-knocks ” in petrol-air explosions, said . “ If the hydrocarbon by 
encounter with oxygen may form pc'roxidos, it would seem that they should be 
formed still more favourably by aldetiydi’s, and this might be a reason for the 
ease with which aldehydes lan Im' ignited, and for the great effect of anti- 
knocks upon them.” 

My colleague. Dr D M Newitt, is now completing a most enlightening study 
of the direct pressure-oxidation of ethane during which he has isolated large 
quantities of (‘thyl and methyl alcohols, acet- and form-aldehydes without 
finding any trace of peroxide Thus in one experiment at 275° and 100 atmo- 
spheres, with a noixture initially containing 90 ethane and 10 oxygen, no less 
than 36*5 per cent, of the carbon of the ethane burnt has been isolated as ethyl 
alcohol, another 30 jier cent, of it as methyl alcohol, 7*5 per cent, more as 
acetaldehyde and 0-5 per cent more as formaldehyde — or altogether nearly 
75 per cent of it as such intermediate products — without any sign whatever 
of any “ peroxide ” accompanying them A very remarkable feature was the 
isolation of so much methyl alcohol, whose formation seems probably due to 
the thermal decomposition CH2(OH) CHO ~ CO -f CH3OH And, indeed, 
so far from supporting ‘‘ peroxidation,” the experiment has proved almost 
quantitatively the following complete hydroxylation scheme : — 



CHoOH 


CH(0H)2 


OH H 


OIL 


HgO + CO + CH 3 CHO -> Ha • C . 0:0-^ 

A ^ 

CO + CHgOH 

on . OH 

HatC . C O 

. ^ . HO. HO 

I CO + HaO + HaiC.O- >C:0-^ >C 0 

HO^ 


HaO -h CO HaO + COg 


Surely no more concliisn o experimental proof of “ liydroxylatioii could be 
desired 

(e) Propane — Iti the course of experiments now proceeding on the slow 
ovidation of propane at 207 '^, Ihe alrohoMormmg (2C3H[g d Oj) has again 
proved it>elf more reactive than the equimolecular (CgHg d' O2) mixture; 
moreo\tT, definite* proof has been fortheonung that, althougli three-quarters 
way through the “ induction period ’’ small amounts of aldehydes are present, 
no trace of “ peroxirh* ” can be simultaneously detected m th(‘ medium, 
notwithstanding that the test for “ peroxide ” is (if anything) rather more 
sensitive than that for aldehyde. This proves that the foriuation of alde- 
hydes j^recede^ ihat of any peroxide. 

(d) Ethylene — In similar experiments whuli we are making upon the slow 
oxidation of ethylene at 300 "^ it has been pr»)veil that a 2CaH4 Og is much 
more reactive than a C2H4 -f O2 and that the formation of ald«*hydes, which 
can bi‘ observed towards the end of the induction period, precedes that of 
peroxides 

Hitlierto my experiments have been confined to gaseous hydrocarbons, that 
is, up to and including butane and butylenes, because I have always felt that 
the mcrt'attUig complexities met with in ascending the series further would 
impose well-nigh insuperable difficulties in interpreting the resulfs ; and I am 
still of the opinion that, from a chemical point of view, at prewent there is little 
or no advantage in going higlier. 
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IV. — Summary and Conclusions. 

Having thus set forth the principal experimental facts and theories of hydro- 
carbon-combustion, so far as I am abh* to judge the present position of matters 
sccnis to be as follows . — 

(i) While there is general agreement that, both in slow and explosive com- 
bustion, then' IS an initial association of the hydrocarbon and oxygen forming 
an oxygenated molecule, opinions have recently differed as to whether it is 
“ hydroxylation ” or “ peroxidation.’' 

(ii) The “ hydroxylation ” theory is support(*d by such a cumulative weight 
of evidence, both (pialitative and quantitative, and is capable* of explainmg 
and correlating so vast a majority of the known facts, as regards both slow and 
explosive combustion, that it may b(‘ regarded as having thereby proved its 
credentials as a working theory of the normal course of hydrocarbon com- 
bustion In certain tyjacal cases of slow combustion, not only have all its 
postulated mtermediati* liydroxylated molecjiles (or th<‘ir known thermal 
dccomponcnts) been actually isolated, many of them m considerable amounts, 
but in one case (ethane) thi‘ proof has bei'ii quantitative, ineluding no less than 
a 30 per cent, yield of the initial product (*thy 1-alcohol, without any trace of 
“ peroxide ” With methane, also, hydroxylati'd ju’oducts, includmg methyl 
alcohol, have b(‘en isolated aiul estimated without any sign whatever of 
“ piToxidation ” , and even in case.s w here traces of peroxide have been observed 
tlu‘y have resulted not Iiom the* itulud but from hiter happenings, namely, 
only after (and not befote) the appearance of aldc'hydts From the kinetic 
point of view, also, the evidence is all in favour of an ituLuil mon-hydroxylation. 
Fmally, some of the ( haracteristie phenomt'ua of explosive (‘ombustion, which 
1 have recalled an<l demonstrated, can best be explained by “ hydroxylation 
and seem meonipatible with ‘‘peroxidation'* 

(in) On the other hand, when closely examined, the cred(*ntials of “per- 
oxidation appear doulitful. For, so far as 1 know% in no case of slow com- 
bustion has the pustulated initial “peroxidation'’ yet been proved by the 
actual isolation of the particular peroxide involved. And, even m cases 
where the presence of small (usually ineonMdi'rnble) quantities of peroxides has 
been proved, no conclusive evidence ot identification has been forthcoming. 
Also, sufficient care has not always been taken to avoid confusing an incidental 
“ peroxidation ” of intermedially formed aldehydes with an initial “peroxida- 
tion of the original hydrocarbons , form certain cases recently examined, e g., 
ethylene, ethane and propane, the formation of aldehydes definitely precedes 
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that of any peroxide. Finally, the idea of an initial “ peroxidation seems 
conntt^red by certain facts relating to explosive combustion, and notably by 

the ri'Hults of exploding ^ Og mixtures at ordinary pressure, and of 

*2i 

methane-oxygen imxtures intermediate between + 2 O 2 and CIT^ -f- Og 
at high prcssuies Th(‘refore, while admitting the likelihood of incidental 
“ peroxidation ” of mtermcdially formed aldeliydes and the possibility of an 
initial “ peroxidation of a small mmoritv of hydrocarbon molecules con- 
comitantly AMth the “ li\droxylation " of the remainder, as yet the preamble 
of the case slioiild be regarded as < xpenmentally ‘‘ not proven 

(iv) In any ease*, even if (eventually proved valid in particular cases or circum- 
stances, “ peioxidation ” ean scarcely be regarded as being mon* than supple- 
mentarj’ to “ hydioxylation,’’ nor “ peroxide as more than a side-product. 
In other vords, it might possibly afford an (‘xplanation of “knotk'’ iis an 
abnormal h'atim' of hydroearbon-air (*xplosions but scarf ely of the normal 
course of oxidation therein 

In closing this review, two furtlier points should be stnvsscd On(‘ is tlie 
need of further investigation of the “ induetion period in hydroeurbon- 
(ombustion which, though most easily observ(*d in slow combustion, can also 
be detected in explosive combustion when the igniting source (v g , spark) 

IS below a certain intensity Next to nothing is known for certain about its 
meaning, and so obvious a void in our knowledge needs filling up. The other 
IS the danger of concentrating attention too much upon slow combustion to the 
comparative exclusion of explosive combustion and fletonation. For it is 
only by taking all conditions into account comprehensively that a true view 
of the subject can be gained. 

In conclusion, 1 desire to thank my colleagui's, Drs. D. M Ncwitt and D. T. A. 
Townend, as well as Mr. L. E. Outndge,for their skilful help in connection with 
the experiments shown during the lecture. ^ 
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Vdodty of Propagation of Light in Vacuo in a Transverse 
Magnd,ic Fidd. 

By C. CoLBRiDOE Farr, F.R.S , and C. J. Banwbia, B.So. 

(Received March 8, 1932.) 

[Platk 13. 1 

This investigation was undertaken to find, within the limits of sensitivity 
of the apparatus used, the effect of a transverse magnetic field on the velocity 
of propagation of light in vacuo. An interference method was used, one of 
the two rays from the first nnrror of a Jamin refractometer being passed 
through a strong magnetic field, while the other ray passed through a weaker 
field. The two rays were recombined at the second mirror, and the resulting 
interference bands viewed with a microscope lens combination. Any relative 
change in the velocities of the two rays would be observed as a movement of 
the bands. 

As far as the limited facilities of this part of the world have enabled the 
authors to ascertain there has not been a very great deal of experimental work 
done on this aspect of the relations between optical and magnetic phenomena. 

Theoretical investigations have been carried out by Nordstrom and Weyl 
to relate gravitational and other fields of force, by Larmor who discusses the 
alterations necessary in the velocity of light to bring gravitation or any other 
field of force into the electrodynamic scheme, and by Whittaker who ascribes 
magnetic properties to the photon and has triNited the subject from a different 
aspect.* Watson has endeavoured to determine experimentally the effect 
(if any) of a transverse magnetic field on the velocity. In the present work, 
which was in progress at the time when Watson’s paper was published, a 
different experimental method is adopted and the apparatus developed carries 
the same conclusion os he obtamed, but to twenty times the sensitiveness 
which he ascribed to his results. 

Description of Apparatus, 

Optical Sy^£m, — ^Fig. 1 is a general plan of the apparatus, being a horizontal 
section through the gaps of the magnets C, D and E. Light from the source 
L falls on the hemi-cylindrical lens p, and then on to the first mirror A of the 
refractometer. Here, by reflection at the back and front surfaces of A the 

* ‘ Proo. Roy. Soo.’ A., vol. 125, p. 345 (1929). 
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light is divided into two rays 1 and 2, shown by the dotted lines. Of these 
rays 1 passes through the strong field in the gaps, while the other ray 2 passes 
in front of the gaps in the weaker leakage field. The two rays then fall on the 
second mirror B where tliey are recombined by reflection at the back and front 
surfaces. Mirror B is capable of fine adjustment about vertical and horizontal 
axes, and when B is accurately parallel with A mterference bands appear, and 
the imago of these bands formed by the lens q is viewed with the microscope M, 
which has a scale in its eyepiece. M had a nominal magnification of some 



Fiq. 1. 


sixty times, giving a distance of five scale divisions between adjacent black 
bands. 

On account of the fact that the ray which does not actually pass through the 
gap in the magnet poles still passes through the leakage frmgmg field, the 
arrangement was not ideal, but had points of convenience which outweighed 
for the time being its disadvantages. 

The mirrors were supported on marble slabs t, u, v, w, which were attached 
to wooden supports bolted to the heavy brick foundation a, 6, o, d. 

The source of light L was either a mercury vapour lamp or a frosted incan- 
descent lamp. The incandescent lamp was generally used for the actual 
observation as it gave somewhat clearer bands. The band system consists, 
in the case of the mercury vapour light, of many black bauds, and with white 
light, of two black bands with 5 to 6 coloured bands of mcreasingly poor 
visibility on each side of these black bands. As the black bands are more 
distinct and stand out well against the general bright background, one of 
them is chosen for observation. 

Along the length of the three magnets, the paths of both rays were enclosed 
in an air-tight casing r, fig. 1. This air-tight system was closed at each end 
by optically plane parallel faced glass plates (the compensating glasses from 
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an ordinary Jamin interferometer) mounted in heavy lead blocks e and/, fig. 1. 
These blocks were connected to the remainder of the vacuum system on the 
magnets by means of short flexible rubber tubes, in order to avoid all possibility 
of movements of the magnets or pole pieces distorting the glass plates, and thus 
causing spurious band movements. In order to prevent air currents in the 
remaining unenclosed parts of the ray paths from causmg stray movements of 
the bands, these parts were enclosed in sheet brass boxes g and A, which were 
supported on the blocks e and /, and reached to within approximately 2 mm. 
of the faces of the mirrors. 

In order to prevent reflection of light at oblique incidence from the faces of 
the gaps as far as possible, these surfaces were lampblacked, as were other 
internal surfaces. 

By tests with a Nicol prism the light was found to be very largely polarised 
in a vertical plane, although with the Nicol set for minimum brightness, the 
bands were still faintly visible. 

SensUimiy. — The band movement caused by a relative change in velocity 
of the two rays 1 and 2 is given by 

Vi — Vg _ n\ 

vi ^ r 

where 

IS the velocity in one path, 

Vj 18 the velocity in the other, 

X 18 the wave-length of the light used, 

I is the length of one path, 

n IS the number of bands which pass a point in the field of view. 

For the purposes of the present calculation, I is taken as the total length of 
the magnetic field, which is 112*5 cm. 

Owing to the lack of sharpness of the bands the smallest value of n which 
can be observed with certamty is about 0*1. 

Taking X as 5460*742 X 10”® cm. wc find from the above values, 


this being the smallest relative change in velocity which will give an observable 
shift of the bands, and corresponding to a change in velocity of 14 metres per 
second. 

Magnets , — The field is produced by three electro-magnets C, D and B, 
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tlurough the gape of which ray 2 passes. Figs. 2 and 3 give respectively front 
and end elevations of magnet C, which may be taken as typical. 



0 5 K) 15 20 J5 

-I J- i - J 

Centimetres 


Fio. 2. Fig. 3. 

The magnetic circuit consists of three mild-steel slabs, F, G and H, bolted 
together as shown, fig. 3, the wrought iron pole pieces, one of which is lettered 
a, 6, c, d, and the air-gap which is J-inch wide. The windings are shown cross- 
hatched in figs. 1 and 3 and at K and L in fig. 2. In order to prevent the attrac- 
tive forces across the gap from causing movements of the poles, brass bars o, figs. 
1 and 3, which are shown diagonally hatched, were let into the pole pieces, and 
screwed to them. The pole pieces of D were braced m a shghtly different 
manner. This bracing reduced the movements of the poles to less than 0*001 mm 
JUeasuremerU ofFidd , — In order to provide access to the gap lor the insertion 
of a fluxmeter search-coil, to obtain field measurements after the apparatus 
had been set up, tubes i, jf, w, n, fig. 1, were soldered into the brass casting 
r. The field in, and just outside the gap m the path of ray 1, was measured 
at each tube, and the mean effective field calculated as follows. The values 
of the field in and outside the gap at each point assumed to remain constant 
throughout half the length of that magnet, and the difference between the 
fields at each point was assumed to be the effective field. Calling and H| 
the fields in and outside the gap at each point, and { the length of gap over 
which the field is assumed to be uniform, then H the mean effective field is 
given by 

SI 


t = total length of all the magneta. 
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The value of H thus obtained, at the same current through the windings as 
was used in the actual experiment was 17,992 gauss. The leakage field was 
of the order of 3000 gauss. 

Cuftenl Supjity , — Current was taken from the 230-volt D.C. main, applied 
directly to the magnet windings, all in series, without any additional resistance. 
The current thus obtained varied from 65 to 70 amperes, but as the iron of the 
magnets was not far from saturation with this current, the variation in current 
did not cause a very large variation in the field. In order to prevent sparkmg 
at the switch due to the inductance of the windings, two large electrolytic 
rectifiers in series were connected across the ends of the magnet windings and 
also the switch used had both carbon and metallic contacts, so arranged that 
the arc formed took place between the carbon contacts. 

The sense of the windings was so arranged that there was only one polanty 
at the top and likewise at the bottom. 

Although as far as the field was concerned a narrower gap would have been 
desirable, it was found that a gap much below 3 mm. caused a serious blurring 
of the bands, which increased the minimum shift which could be observed. 
The 3 mm. gap had scarcely any effect on the appearance of the bands. 

Vacuum , — Each gap was enclosed behind and in front, along its entire length 
with an airtight brass casing screwed and soldered to the pole pieces. The 
front casing was a brass costmg r, figs. 1, 2 and 3, projecting sufficiently from 
the front of the pole pieces to accommodate the ray 1 within the enclosure. 
The ends of each casing were closed with brass plates into which were soldered 
brass tubes, shown by the two circles in fig. 3, the axis of one tube being along 
the centre-line of the gaps, and that of the other along the axis of ray 1. Such 
tubes can be seen at 8 and t in figs. 1 and 2. The tubes of adjacent magnets 
and corresponding tubes on the blocks e and t were jomed with rubber tubing, 
thus making the whole enclosure a continuous system. 

The apparatus was evacuated by means of charcoal in liquid air, and a 
mercury condensation pump backed by a Hyvac pump. The charcoal tubes 
were connected to the apparatus by glass tubes through rubber corks in the 
tubes j, k and n. The condensation pump was connected by means of a wide 
bore rubber tube to the tube x at the left-hand end of the casing on magnet C. 
In order to follow the progress of the evacuation a discharge tube was attached 
to the front casing of magnet E, between m and n. The procedure during 
exhaustion was to bake out the three charcoal tubes in electric furnaces at 
about 400° C. with the Hy vac pump runnmg, and after the tubes had cooled 
sufficiently they were immersed in liquid air. After some 20 minutes the 
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pressure was down to a point where a bright green coloured shimmer appeared 
on the walls of the discharge tube, and little or no glow inside (t.e., about soft 
X-ray condition). Subsequent calibration with a MacLeod gauge showed this 
appearance to correspond to a pressure of approximately 0*005 mm., although 
the pressure from experiment to experiment varied a little. 

Fwifyiaiion ard Supports . — ^All the apparatus with the exception of the 
source of light was mounted on the brick and concrete foundation shown 
in fig. 1, and in Plate 13. This foundation was 102*5 cm. high, and its other 
dimensions as in fig. 1. The magnets were supported on adjustable brass legs, 
fig* 2, which rested in brass cups. The height and level of each magnet 
could thus be varied to bring the gaps into lino. 

The tables supporting the mirrors and microscope were supported on wooden 
frameworks bolted to the ends of the brick foundation. 

In order to prevent lateral movements of the magnets as far as possible, iron 
straps were bolted across between adjacent pole pieces at top and bottom, as 
in the photograph, Plate 13. 

The source of light L was supported on a separate stand, which did not touch 
the table supporting A at any point. 

The entire apparatus excepting the switch and rectifiers was enclosed in a 
wooden framework over which was stretched black cloth, the enclosure being 
large enough to accommodate an observer who could thus take readings of 
the bands m comparative darkness, without bemg dazzled by the arc formed 
on opening the switch. 

The photograph corresponds almost to an elevation view of fig. 1. The 
mercury vapour lamp is on its stand at the left, and the three liquid air con- 
tainers are in place enclosing the charcoal tubes The mercury condensation 
pump and backing pump can be seen on the floor at the base of the brickwork. 
One of the cloth sides of the enclosure has been removed m order to obtam the 
photograph. The T-shaped discharge tube can be seen standing up from the 
casing of E immediately above the third liquid air container from the left. 

Spurious Effects. -A very small movement of the tables supporting the 
mirrors was sufficient to cause an appreciable movement of the bands, and it 
was necessary to ensure that no mechanical effect due to the field caused such 
a movement. These effects may be divided into : — 

(a) movements of the magnets and wmdmgs due to stray fields ; and 

(t) forces acting on iron parts of the mirror supports and tables due to the 
stray field. 
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Effects due to (a) were avoided aa far as possible by taking care that no 
direct mechanical connection existed between parts of the magnet system and 
the tables supportmg the mirrors. Some vibration of the magnets took place 
on breaking the ciniuit, and this was transmitted via the foundation to the 
mirrors causing the bands to dither slightly and become blurred, and as this 
(jould not readily be prevented, its effect on the observations was eliminated 
by either entirely ignoring movements at the opening of the circuit, or by 
noting whether the bauds settled m a new position after the disturbance had 
died away. 

Effects due to (6) wen; avoided by using only brass and lead for the metal 
parts associated with the tables, and replacing all steel parts in the mirror 
moimtmgs by brass. 

There is a possibility that magneto-strictive effects in the small quantity 
of residual oxygen m the apparatus may cause a sufficient difference of 
pressure of this gas Ix^twcen the paths of the two rays to shift the bands, 
but calculation shows that even with oxygen at atmosphenc pressure, the 
effect would be less than one-fifth of th(‘ smallest observable band move- 
ment. 

Methods of Oftscryofiow.— When the highest possible vacuum had been reached, 
the edge of one black band was lined up with a graduation in the eyepiece scale 
of the microscope, and the observer signalled to an assistant at the switch. 
The switch was kept closed for about 5 seconds, this being sufficient time for 
the current to approach its final value. With observations lasting as long as 
this it was possible to take ten to twelve readings before the wmdings became 
very warm. 

As it was evident from prelimmary experiments that the effect would be 
very small, it was felt desirable to secure a number of independent readings by 
separate trained observers. Several others m addition to three observers 
who had done spt'cial work with the bands, were given two to three readings 
each, and these results were later tabulated. Owing to the blurred nature of 
the bauds and the extreme smallness of the movement, previous knowledge 
of the direction of movement to be expected might influenco the decision of an 
observer, and for this reason none of the observers was told the decisions of the 
others until the experiment was finished. 

Nine observers took independent readings, in three separate experiments, 
attention being directed to the behaviour of the bands on closing the circuit : 
altogether 19 observations were obtained in this way. Of the 19 readings 
8 implied an increase in velocity of the ray through the gaps with the field on, 
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5 a decrease, 4 no effect, and 2 wore doubtful. All agreed that the movement, 
if any, was very small. 

The effect is evidently smaller than the minimum observable accurately 
with the present apparatus, and the conclusion that can be drawn is that whilst 
there is a possibility of an increase in velocity such apparent increase may be 
spurious. 

Subsequent readmgs taken with a Nicol prism between p and A, set for 
either maximum or minimum brightness, showed no alteration either in the 
brightness or position of the bands, when the current was switched on. Thus 
whether the direction of vibration of the light is in or at right angles to the 
direction of the field, makes no difference to the effect. 

CondiiHm. 

The result of the investigation is then that in a transverse magnetic field 
of effective value 17,992 gauss, the change in velocity of light in vacfiio is less 
than one part in 2 X 10^, or about 14 metres jier second. 

Summafy. 

An experimental attempt to find an alteration in velocity of light m a 
transverse magnetic field is described. The sensitivity of the apparatus is 
considerably greater than that reached by previous experimenters, whose 
work has been available to the Authors, but a null result is found. An 
interference method was used, one of the two rays from the first mirror of a 
Jamin refractometer being passed through a strong magnetic field m the 
gaps of three electromagnets, while the other ray passi'd through a weaker 
field. The two rays were recombined at a second mirror and the resulting 
bands viewed with a microscope lens combination. Any relative change in 
the velocities of the two rays would be observed as a movement of the 
bands. The path along which the rays travelled was exhausted by means 
of coconut charcoal and liquid air to a pressure of -005 mm. of mercury 
during the experiment. The average field strength difference between the 
two-ray paths was 17*992 Gauss, while the optical syst<*m was capable of 
detecting a relative change in velocity of 1 part in 2 x 10^. 
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R, Houghton.* 

(Communicated by Sir Joneph Petavel, P.R S. — Received April 15, 1932.) 
[Plates 14 and 16.] 


The behaviour of the surface of water over which a wind is blowing was 
considered mathematically by Kelvin.f Assuming the air and the water to 
be perfect liquids moving irrotationally, he found that the motion is governed 
by the following relation between U' the velocity of the wind relative to the 
water, X the wave-length and c the wave-velocity. 


C* = 2^ P-p' + E£L_ u'» 

271 p + p' (p -f p') X (p + p')* 


( 1 ) 


where p, p' are the densities of the water and air respectively and T is the surface 
tension of the water-air boundary. In any actual case the air will not be 
moving irrotationally ; also, it is difficult to specify what is to be considered 
as the velocity of the air, owing to the considerable velocity gradient which 
exists near any fixed boundary, so that the equation (1) cannot be confirmed 
experimentally 

The behaviour of the surface of water to which any given pressure distribu- 
tion is applied can be calculated, but it is not at present possible to calculate 
the pressures which will be exerted on the water by a turbulent air stream ; 
without this step it is not possible to discuss completely the growth of waves 
formed by a wind. The work described in the present paper is an attempt 
to provide some* of the experimental data required for the consideration of this 
problem. 

The work may conveniently be divided into two parts 

(1) An examination of the behaviour of a water surface over which a wind 

is blowing, 

(2) The measurement of the distribution of normal pressure on the surface 
of a wooden model of a tram of waves over which a wind is blowing 

* The investigation described in the present paper was initiated by, and carried out 
under the supervision of, the late Sir Thomas Stanton, at the time of whose death the 
experimental work was practically completed. The paper has been prepared by the 
other authors. 

t ** Baltimore Lectures,*’ p. 690 ; ‘ Phil. Mag.,’ vol. 42, p. 368 (1871), 
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Part 1. 

These experiments were carried out m a horizontal tunnel about 60 feet 
long and 12 inches by 12 inches cross section. The tunnel was filled with water 
to a depth of 6 inches, the water being retamed by sloping beaches at the ends 
of the tunnel. The inlet and outlet of the tunnel are so shaped that the air 
stream enters and leaves the tunnel m a direction parallel to the water surface. 
Two sets of glass windows are fitted in the walls of the tunnel at distances of 
about 16 feet and 41 feet from the inlet end ; through these the behaviour of 
the water surface can be observed. 

The velocity of the air stream was measured by means of a pitot-static tube 
placed at the centre of the 7 inches by 12 inches space above the water. The 
length and frequency of the waves were estimated by several methods 

It was found that, when a beam of light was passed through the surface of 
the water from below, a pattern, of which photographs could be taken, was 
formed on a translucent screen placed above the tunnel , from these photo- 
graphs, two of which are shown in figs land 2, Plate 14, it is possible to estimate 
the length of the waves. The length of those waves which were too long to be 
included in the field of the camera was estimated by adjusting the distance 
between two small cork floats until the rod jommg them rose and fell without 
pitching ; the distance between the floats is then approximately equal to the 
wave-length. The results obtained by this method are m fair agreement with 
those obtained photographically. 

The frequency of the waves was measured by observmg the wave profile 
through a stroboscope. Although successive waves differed from one another, 
it was possible to obtain an approximately stationary image, and from this 
an approximate estimate of the wave-length could be made. 

It was subsequently decided to record the wave-length and wave-velocity 
simultaneously by takmg a cmematographic record of the pattern on the 
translucent screen. Short lengths of two of the records are shown m figs. 3 
and 4, Plate 15. 

Through each set of windows observations were made at various wmd speeds, 
the results obtained by tlic several methods are recorded in Tables I and II 
and figs. 5 and 6. Although some individual values are rather widely scattered, 
it is possible to deduce relations between the wind speed and the wave-length 
or the wave-frequency, from which a relation between wave-length and wave- 
velocity can be calculated. This relation is shown in fig. 7 ; in this figure the 
relation found hv Kelvin in also shown. 
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One set of observations was made to determine the ratio beight/wave-lengtb, 
but owing to the large differences between successive waves no great accuracy 
was expected. It was found that the ratio lay between 0*12 and 0*2. Only 
a small range of wave-lengths (16-36 cm.) was examined ; within this range, 
there was a tendency for the longer waves to have greater values of the ratio. 


Table I. — Observations taken 16 feet from inlet. 


Wind speed 
(cm. /eeo.). 

Wave-length 

(cm.). 

Wave-frequency 
(per B6C.). 

Wave -velocity 
(om./Bec.). 


446 

o 6| 




600 

8 6 

— 

— 


730 

10 9 

— 

— 


850 

14 6 

— 

— 


410 

5 

6 9 

— 


423 

5 

6 6 

— 


446 

5 5 

6 1 

— 


483 

6 

6-2 

— 


520 

6 

5 9 

. — 


543 

7 

5 6 



603 

8 

4 8 

— 


638 

9 

4 7 

- 

► 

645 1 

9 

4 6 

— 


692 

9 

4 2 

— 


720 

10 

4 0 

— 


755 

10 

4 3 

- 


790 

13 

3 6 

— 


802 

12 

3 8 

— 


855 

13 

3 5 j 

— 


625 

10 

: 

— 

* 

715 

11 

__ 

— 

> 

835 

14 

— 

— 


476 

7-0 


32 

< 

575 

8 3 


40 


610 

9*0 


39 

* 

615 

10 2 


46 


865 

13 0 

— 

' 45 

1 



Method of 
observatioD. 


> Plate camera. 


Biroboftoope. 


VFloaU. 


I Cuieniatograph 


Tht! nunimmu velocity of the wind reqiured to cause the formation of waves 
has been observed, although, as has been pomted out, the value obtained will 
depend to a great extent on the conditions of the experiment. At a wind speed 
of about 200 cm./sec. the surface of the water was covered with ripples, about 
3 cm. long, which did not grow very noticeably as they travelled down-wind ; 
from their ske it can be deduced that they are governed chiefly by capillarity. 
True gravity waves were first formed when the wmd speed, measured at the 
centre of the space above the water about 41 feet from the inlet, reached about 
250 cm./sec. These waves had, at the observation window 41 feet from the 
inlet, a length of about 6 cm. 
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Table II. — Observations taken 41 feet from inlet. 


Wind speed Wave-length Weve-feequenoy Wave-velocity Method of 
(oin./iec,). (cm.). (per sec.). (om./Beo.). observatfam. 


226 

243 

266 

306 

324 

333 

306 

382 

387 

415 

436 

447 

466 

614 

616 

676 

623 

676 

740 

767 

606 

626 

670 

500 

636 

666 

716 

300 

332 

400 

462 

628 



Vs/a\« Ungth n art 

Fio. O.-^beerved variatioii of wave-length with wind speed. 



Stanton and others. 


Proc, Po]j Soc,, A rot, 137 , PL 14 , 



Kio 2. 

{13S) Uj — 730 (in Ncl - 11 oin 


(/■fif/jpf//) jfttt ) 



iSfanfoti and ot/iers. 


Proc. Po//. Soc.. J. vol. i:n, PL 1 



t’j — t in /mci 

41 fort fiorn iiilft 


} ■ 

# 



I 

Fid 4. 

I \ -* 4(M> ( rn /sec 
41 ff'ct fitim inlet. 
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Fio. 6. — Olwived variation of wave-frequency with wmd speed. 



Flo. 7.— The figure against each obeerved point is the wind speed in centimetres per 
second on the axis of the air space ; that is, 0 cm. above the mean water level. 

— Calculated from Kelvin’s theory. 

• Mean of observations 15 feet from inlet. 

X Mean of observations 41 feet from inlet. 
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Pabt 2. 

For the measurement of the pressure distribution on the surface of a train 
of waves, the water was removed from the tunnel and a wooden model sub- 
stituted for it. The model was placed so that its mean depth was the same as 
that of the water in Fart 1. The profile of the working length of the model 
was a series of 27 simple harmonic waves, the height of which increased uni- 
formly down-wind. The ratio height/wave-length was 0 • 20^ for all the waves ; 
the length of the first (that at the up-wind end) was 6 ■ 1 cm. and of the 27th 
was 21*6 cm. The normal pressure was measured at two sets of points, on 
the surface of the 10th and 27th waves. It is convenient to express the results 
of the pressure measurements by means of the non-dimensional quantity 
p/pU*, where p is the difference between the normal pressure at a pomt on the 
surface of the model and the static pressure in the air stream and is the 
velocity head of the air stream at the centre of the space above the model ; 
U 18 thus the maximum velocity of the air. The results of these measurements 
m the 12-mch tunnel arc given in Table III and fig. 8. 


Table III. — Values of p/pU* on the surface of model waves. The wave profile 
is given by = a cos 2«x/X. 


loth wave. 


27th wave 


a in cm. 
A m cm. 


I »* 
10-8 


2-2 
21 6 




pU* in dynea/cm.* 

U m om./sec. 

128 

1 326 

273 

470 

135 

330 

408 

680 

2irz/ A in degrees 

324 

+0 014 

+0*006 

-0 076 

-0 078 

0 crest 

-0 030 

-0 032 

-0 119 

-0 230 

36 

-0 010 

-0 013 

-0 065 

-0 126 

72 

-0 005 

-0 004 

-0 018 

-0 022 

108 

-0 005 

— 

-0*012 

-0 005 

144 

-0 004 

-0 001 

-0 006 

+0 006 

180 trough 

0 000 

— 

+0 004 

+0 029 

216 

-fO 007 

+0 016 

+0*035 

+0 067 

252 

+0 027 

+0*042 

+0*082 

+0137 

288 

-hO 060 

+0 076 

+0*077 

+0*101 

324 

+0 007 

+0 024 

-0 026 

-0 078 

0 crest 

-0 036 

-0 040 

-0 141 

-0*267 

36 

-0 014 

-0 012 

-0 066 

-0*113 


Thaso value* hare been oorreoted for the pnwure gradient in the tunnel 
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Since the height of these waves was not very small compared with that of 
the air stream above them, it was decided to construct models by which this 
condition would be satisfied. Two models were fitted in u wind tunnel of 
3 feet square cross section. Each of these was of the form of a senes of simple 




Fio. 8.— Biatnbutiou of normal presBure on the Burfaoe of model waves The wave 
profile IB given by ^ ^ a cos 2nx/X. 

A (above). 10th wave o -= 1 -Ij om., B (below). 27th wave a => 2'2| cm., 

X ^ 10 >8 om. X ^ 21 6 cm. 

0 U — 326 om./Bec. • U — 330 cm./eec, 

A ~ 470 om./sec. □ U 680 om./sec. 

harmonic waves of umform height, the ratio height/wave-length was 0*4, 
the wave-lengths being 7 * 63 cm. and 2*6 cm. 

The 7*62 model extended the whole length of the timnel ; the inlet flare was 
modified so that there was no sudden contraction of the air stream duo to the 
presence of the model, the mean height of which was 1 inch. At one wind 

speed, two sets of pressure measurements were made, at 40 and 80 wave- 

lengths from the commencement of the uniform series ; since these two sets 
were in good agreement with one another, the pressure distribution at other 
speeds and on the 2*6 cm. model was examined at one place only. In order 
to investigate the effect of very small irregularities in the surface, such as tool 
marks the portion of the model containing the observation holes was reversed 
and the observations repeated ; it was found that the effect of this reversal 
on the pressure distribution was small. 
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The 2*6 cm. model extended down -wind from the mouth of the tunnel and 
the pressure measurements on it were made at 122 wave-lengths from the 
beginning of the uniform scrips. In order to investigate the effect of small 
changes in the ratio height /wave-length, a set of six waves was removed from 
the model and a set of the same wave-length but having a ratio of 0*44 was 
inserted in their place ; the pressure distribution on the surface of these waves 
was exammed. 

The results of the measurements in the 3 -foot tunnel are given m Tables IV 
and V , those on the 7 *63 cm. model are also shown graphically in fig. 9 . 


Table IV — Values of p/pU* on the surface of a corrugated sheet. The profile 
of the corrugations is given by ^ = a cos 27 ix/X. a = 1*52 cm. 
X = 7-62 cm. 


pU* m dynes /cm * 

U in om./soc 

Distance from inlet 

2425 

1410 

40 A 

2500 

1425 
so A 

2350 

1390 

80 A 

266 

465 

80 A 

2irxl A m degrees 

270 

+0 004 

! -f-0 006 


+0 007 

285 

+0 010 , 

-hO 013 

— 

H-O 015 

300 

+0 022 

+0 024, 

— 


315 

\-Q 026 

f 0 027 

— 

f 0 028, 

330 

f 0 012, 

+0 013 

10 013 

-- 

345 

-0 010 

-0 008, 

0 009, 

— 

360 crest 

* 0 018 

-0 017 

-0 019, 

-0 012 

15 

-0 013 

-0 013 

- 0 012, 

-0 006 

30 

-0 010 

-0 009 

-0 on 

— 

(46) 

— 


-0-009 

— 

60 

-0 007 

-0 006 , 

- 0 008 

-0 003, 

(75) 

— 

— 

-0 009 

— 

00 

-0 010 

-0 009, 

-0011 

— 

120 

-0 010, 

-0 on, 

- 0 012, 

-0 004, 

150 

-0 002, 

-0 002 

0 004 

-HO 001 

180 trough 

0 000 

0 000 

0-000 

0 000 

210 

-0 004, 

-0 006 

-0 006 

-0 008 

240 

-0 010 

-0 009, 

-0 on. 

-0*011 

270 

fO 004, 

HO 002 

-0 001, 

-HO *002, 

285 

i-0 016, 

HO 014 

— 

— 

300 

f 0 026 

+0 026 

H-0 025 

— 

315 

+0 026 

HO 026 

— 

f0 027 

330 

fO 008 

H O 009 

10 012, 

— 

345 

0 oil, 

-0 Oil, 

-0 015 

— 

360 creet 

-0 020 

-0 020 

- 0 023 

-0 012 

15 

-0 013, 

-0 013, 

-0 016 

— 

30 

-0 010, 

-0 011 

-0 013, 

— 

(46) 

. . 

— 

-0 011, 

— 

(60) 

- 

* 

-0 on 

— 

(76) 



- 0 012, 

— 

(90) 


' * 

-0 013 



Thm valu«» have not been oorreoted for the preeeure gradient m the tunnel, which wm ebont 
0*001 pU* per wave-length. 
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Table V. — ^Values of j>/pU® on the surface of a corrugated sheet. The profile 
of the corrugations is given by ^ ~ a cos 2nxj'k. X — 2 *6 cm. Distance 
from inlet 122 X. 


u cm. 

pU® in dynes/cm ^ 

U in cm 

0 61 

2370 

1390 

0 66 

2400 

1400 

27rj:/ A in degrees 

270 

+0 010 

+ 0 007 

815 

-f 0 024 

f 0 0285 

JhO trest 

-0 002 

-0 002b 

45 

ft) 005 

+0 002 

00 

+0 002 

+0 001 

135 

f 0 003 

\ 0 004 

1HO trough 

^ 0 0035 

-1-0 004 

225 

-1-0 0035 

f 0 001, 

270 

1 0 0095 

1 0 004 

315 

+ 0 027 

H O 024 

360 (.rust 

-0 0035 

0 0025 

45 

1 i 0 003 

1 0 OOI5 

90 

1 0 000 

1 

0 000 


These values have not been corret ted for the pressure gradient in the tunnel, which was loM 
than 0 OOOj pU* per wave-length 



Fio. 9. — Distribution of normal pressure on the surface of model waves. The wave 
profile 18 given by ^ « cos 2tzx/X a — 1-5, cm., X — 7 • 6, cm. 

© Readings taken at 40 X from inlet '| 

-f- „ „ SOX „ lu “ 1400 om./sec. 

X ,» „ SOX „ with model reversed J 

Q „ „ 80 X „ U — 466 cm. /sec. 

Since it is approximately true that the growth of any wave is affected only 
by a pressure distribution of the same periodicity, it is interesting to resolve 
these observed pressure distributions into their harmonic components. Two 
of the sets of observations recorded m Table III have been analysed ; the 
mean of the observations at about 1400 cm /sec. given in Table IV has also 


VOL, oxxxvn,— A. 


X 
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been analysed. The results of these analyses are given in Table VI. The 
largo second harmonics will cause the wave profile to depart from a simple 
harmonic curve. 

Table VI. — Harmonic Analysis of Pressure Distribution. Wave profile given 
by — cos 6, that is 0 — 2nxl'k. 

Ar — Mudote in 12-inch tunnel — 

Moan dopth of air Rtrram, 18 tm 


1. 

A — 10 8 cm. a 

= 1 cm. 

U — 325 cm /hoc. 



p/pU* •= f 0 005 

-0 000 6 

— 0 020 cos 20 

— 0 010 COB 30 


— 0 023 flin 0 

— 0 00.5 flin 

f- 0 006 am 30 

2 

A - 10 8 cm a 

-^1 li cm 

U =: 470 cm /hoc 



p/pU* = + 0 011 

— 0 007 ci»H $ 

— 0 024 COM 20 

— 0 012 COM .30 


- 0 00.3 cos 46^ 
~ 0 030 am 6 
-1- 0 006 8111 40 

-0 007 am 2^ 

H- 0 007 8111,30 


.3 

A = 21 H c rti a 

— 2 2, c m 

U — 330 rm /nee 



p/pU^ - 0 007 

- 0 063 < OH 0 

— 0 051 ooH 20 

— 0 013 cos 30 


- 0 043 Hin $ 

0 001 Hin 26 

f 0 ()O8sm30 

4 

A - 21 U cm. a 

2 2, cm 

n — i580 cm /hoc 



p/pU" - - 0 012 

— 0 102 COM 0 

-0 085 cos 20 

0 O3Ocoh30 


- 0 002 hin 0 

f 0 000 Bin 20 

+ 0 011 Min 30 


B. —Model m 3-fout tunnel — 

Mean depth of air atreain, 89 cm 

6. A — 7 6, cm a — I 5, cm U — 1400 cm. /sec 

p/pU» ^ - 0 00.3 h 0 001 0U8 $ - 0 002, co» 2^ - 0 009 ct)H 3^ 

— 0 003eo(j 4$ 

- 0 008 8111 d - 0 008 Hin 2 8 


It appears from fig. 7 that the mathematical relation between wave-length 
and wave-velocity on the free surface of a perfect liquid is, to a first approxi- 
mation, valid even in the presence of a wind. This is in agreement with the 
pressure observations, the observed pressures being much less than those 
required to cause the water to behave m accordance with equation (1). For 
example, supposing the behaviour of the liquids to be as postulated by Kelvin, 
the maximum pressure or suction on the surface of the water is given by 
p/pU* — 27 ca/X ; for the wave considered in the last column of Table III we 
have 27ca/X — 0*66, but the maximum observed value of y/pU® is 0-27. 

The theory considers only the stability of the water surface and gives no 
account of the rate of growth of the waves ; the present experiments confirm 
the result of common observation, that the size of the waves formed, by a wmd 
of any given speed, is a function of the distance from the shore ; this function 
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cannot, however, be deternunod from these experiments since observations 
were taken at two places only. 

jSummfry, 

It IS possible to calculate the behaviour of the surface of a liquid to which a 
given pressure distiibution is applu'd ; it is not, however, possible to calculate 
the pressur<‘ exerted by a natural wind on the surface of waves, except by makmg 
certain assumptions which are known to be invalid. The work described in 
the present paper furnishes some of the experimental data required for further 
investigation of the growth of waves due to the action of the wind. 

The expt'i’unents liave been devoted to : — 

(1) An cxamiuatjon of the behaviour of a water surface over which a wind is 
blowing 

(2) The measurement of the distribution of normal pressure exerted by the 
wind on the surface of models of the waves. 

Th(‘ ex|)enmeiits w^ere carru'd out m a 12-inch wind tunnel filled with water 
to a depth of 12 '7 cm (fi inches) , the speed of the wind was between 300 and 
800 cm /sec , the waves formed were, m some experiments, as long as 35 cm 

It was found that the relation btstween wave-length and wave-velocity 
was fipproximately that found matliematically by suppf)sing the water to bo a 
perfect fluid moving irrotationally, the motion of the air being neglected. The 
pressure distribution on the surface of the model waves was remarkable for the 
large second harmonics ; these will cause the profile of waves formed on water 
to vary considerably from a simple harmonic curve. 

Ack/maledgniCfUi) , 

The authors desire to record their thanks to Profc.ssors Sir Horace Lamb and 
G. I. Taylor for much useful criticism and advice tendered during the progress 
of the research and m the preparation of the report. 
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Argon and Amorphous Carbon, 16 ® to 710 ® C. 

By Morris W. Travers, F.R.S. 

(Received May 19, 1932.) 

In a previous paper, Broom and the author* have shown that the process by 
which equilibrium is reached between the oxides of carbon, methane, and 
hydrogen, on the one hand, and amorphous ciarbon on the other, at tempera- 
tures alxivc 700° C. 18 essentially chemical in charae.ter. In the case of methane, 
some exp(‘riments were carried out at lower temperatures, and these appeared 
to indicate that, while the gas was still absorbed rapidly, it could be recovered 
reversibly, suggesting that the mechanism of absorption was distinct from that 
by winch the chemical equilibrium was finally established. This observation 
led to the following experiments on argon, which is not supposed to be taken 
up by carbon at moderately high tiunperatures. 

As in the former experiments, the principle of allowing the gas to remain for 
several days in contact with the carbon was adhered to ; for though the rate 
of absorption was at first rapid at all temperatures, the tune taken for equili- 
brium to be established increased as the temperature fell, and ultimately 
became so long that it was impossible to obtain results of any value in a 
reasonable time A good deal of the published work on adsorption of gases 
seems to be vitiated by the fact that the experiments have been too hurried. 

Atmospheric argon was liquefied, and the first and last fractions were rejected. 
The middle fraction was mixed with oxygen, and s'parke<l\ over potash. The 
gas was transferred by means of a gas burette; and the Tupler pump to a clean 
tube. The oxygen was removed by means of phosphorus, the gas being again 
transferred to a clean tube by the same method The apparatus used in the 
expenments was that already described and illustrated (ioc. ciL, p. 316). 

The reaction bulb contained 19*8 grams of the coconut shell carbon used in 
the previous experiments, and in these experiments the material was not 
heated to above 760°. A measured quantity of argon was introduced into the 
apparatus, and the pressure was adjusted in the manner described elsewhere. 

♦ ‘ Proo. Roy. Soc.,* A. vol. 135, p. 512 (1932). 

t Lord Rayleigh's method is much more certain and satisfactory than any method 
involving the passing of the gas over heated reagents. It is most easily carried out by 
using an induction with the commutator out of action, and alternating current of 3 or 4 
amperes at 220 volts from town's service through the primary circuit. An arc can be 
maintained between platmum points in the gas for many hours without attention. 
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When equilibrium was established, usually after 2 or 3 days, a sample of gas 
was taken from the apparatus, and, after measuring its volume, it was purified 
by sparking with oxygen and again measured, so as to obtain data for the 
calculation of the true partial pressure of the argon in contact with the carbon. 
The temperature of th«» apparatus was then raised to 750°, and exhaustion was 
contmued overnight, the gas collected being purified by sparking, and after- 
wards measured The sum of the two quantities of argon collected, less the 
volume of gas in the bulb, calculated from the partial pressure of the argon, the 
volume and temperature of the bulb, and the volume and temperature of the 
stem and dead space, gave tlie volume absorbed by the charcoal. It was 
obsi*rved that there was always a small loss of argon, due to leakage through 
the silica. 

As was not unexpected, suice the same result was obtained by observers at 
other temperatures, it was fnund that the isotherms for argon on charcoal were 
imear.* This result \\as obtained from two separate groups of experiments 
which do not belong to the geneial series, as the charcoal was subjected to 
subsequent treatment which might have slightly altered its properties. In 
each separate experiment m these two groups the whole senes of operations 
described above was gone through The details are given in Table I. 


Ta)>le 1 


1 

Sxptinmont 

1 

j Tpinpetature j 

Prouaure 

Gaa un carbon. 

(10“ C.) 


0(, 1 

inm 

C C 

A 1 1 

45S 1 

171 7 

1 38 

A 2 1 

1 

343 0 

2 40 

A3 

j 

1 

1 

704 0 

5 21 

B 1 

301 i 

278 0 

2 52 

B2 

1 

j 

:>iH 0 

6 20 


The results of the senes of experiments c-an led out to determine the variation 
of the amount of argon adsorbed with temperature are given in Table 11. 

The chief source of error, which affects all the results equally, lies in the 
difficulty in maintammg the temperature exactly constant over long periods. 
The results at the highest and lowest temperatures for the volumes of argon 
adsorbed are probably too low In tlie operation of samplmg at the high 

♦ Peters and Weil, ‘ Z. phys. Chem.,’ A, vol. 148, p. 1 , Hawn. * J. Amer. Chem. Soo.,’ 
vol. 64. p. 72 (1932). 
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Table IL 


Experiment. 

Temperature. 

Freisfture. 

1 

Gm on rarbon 
(10“ C.) 

Qas on carbor 
760 mm. (10® 

1 

°C. 

mm 

C 0 

c c. 

C 

607 

864 0 

2*60 

2-28 

V 

707 

756 4 

1 43 

1 43 

E 

670 

723 

2 376 

2-495 

F 

678 

656 0 

1 47 

1 71 

(1 

468 

558 3 

2 83 

3 <85 

H 

625 

598 3 

2 21 I 

I 2*81 

J 

208 

38.5 8 

7 61 ; 

14-8 

K 

288 

463 0 

5 80 

9-60 

L 

380 

563 4 

i 

4 36 1 

6 88 


temperatures, while withdrawing the gas from the bulb, owing to the ease with 
which adsorption is reversed, argon may be removed from the carbon. The 
calculated value of the partial pressure of the argon, and consequently of the 
amount of argon m the gas phase is then too high, and the apparent quantity 
of gas on the carbon too low. At low temperatures it may be doubtful whether 
true equilibrium is really attained. In an experiment carried out at 16°, a 
volume of 32 c c. of gas was introduced into the apparatus. The pressure was 
observed daily for a period of 12 days, and the observations are ri‘cordcd in 
Table III. 


Table 111. 


Days 

3 

5 

7 

9 

11 

Presiure (mm.) 

479 

405 

1 455 

! _j 

447 

441 


At the end of this period the charcoal had taken up 3-7 c r of argon, equi- 
valent to 6-4 c.c. at 760 mm. This is very much less than the quantity taken 
up at 200^^ , but the experiment suggested tliat equibbrium would only be 
reached after a very long time, and that in the expenmenib of which the 
results are recorded in Table II, those at llie lower temperatures may be 
slightly vitiated from a similar cause. The true form of the graph repre- 
senting the relationship d log V^g^/d! (I/T) may therefore be takem as practically 
linear, and that of the isobar over the greater part of the range of temperature 
300° to 700°, calculated fiom it, of the form shown in fig. 1 rather than of the 
more flattened form required to include the pomts representing the results at 
the highest and lowest temperatures 

The slope of the linear graph representing the relationship d log 
IB found to be 0*98 X 10®, so that the energy change in the adsorption pro- 
cess between 300° and 700° is 4600 calories per gram molecule, which is not 
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far from the approximate value 2000 calories to be expected for purely 
physical, or “ van der Waals,” adsorption. That the isotherms are at least 
approximately linear suggests that no condition of the surface, such as the 
existence of “ active pomta,” has anything to do with the phenomenon. 

It has been pointed out that though the mitial rate of adsorption is rapid, 
the estabhshment of equilibrium is a relatively slow process. The same 
phenomenon was also observed in the cases of the absorption of active gases 
at higher temperatures. However, there is no indication in either case of more 
than one process being involved, much less do the experiments indicate that, 
at any temperature, the process is partly reversible and partly irreversible, as 



other authors have suggested However, the n'sults give rise to the question — 
In experimental work with gases at low temperatures, is a state of true equili- 
brium ever arrived at ? 

Also, with reference to the work at high tempi'ratures, it was observed that 
t he temperature coefficient of the rate of absorption was generally very small 
{lac cU,), It was suggested that the plienomenon which was observed was a 
physical one, and that we were really measuring the rate of flow of the gas to- 
wards the surface. It is possible, however, that the process of absorption of such 
a compound as methane is similar to tliat of tlie absorption of argon ; but that 
equilibrium in the case of methane is due to chemical processes which take 
place on the surface. 

In conclusion, I wish to convey my thanks to Imperial Chemical Industries 
Limited, and to the University of Bristol Colston Research Society for assistance 
in carrying on the work. 
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The Intensities of Certain Nebular Lines and the Mean Lives of 
Atoms emitting them. 

By A. F. Stevknson, Department of Applied Mathematics, University of 

Toronto. 

(Communicated by R H Fowler, F R S — Received February 12, 1932 ) 

§1. Introduction, 

There are certain prominent lines in the spectra of the galactic nebulie — 
in particular the “ nebuhum ’’ green lines, (X = 5007) and Nj (X 4959), 
which dominate most nebular spectra — whose identification remained till 
recently a mystery f In 1927, however, Bowen proposed his now well-known 
hypothesis that such lines are due to transitions from metastable states in 
certain ions J The spectra involved are those of O III (which includes the 
lines Ni, Na), N II, O II, S II. and O I § 

To explain the fact that such lines occur, although they are “ forbidden ** 
transitions, Bowen postulated that there is a non-zero, though relatively small, 
probability of transition between the states in question. The strength of siwdi 
lines IS then accounted for if we suppose there is a large concentration of ions 
in the initial states in question due to transitions from higher levels, and that, 
due to the very low density in the nebulae, such atoms remain undisturbed 
by collisions long enough for the radiation to become effective. The non- 
occurrence of such lines in the laboratory (except the () I lines observed by 
Hopfield, loc, cit ) is thus explained by our inability to reproduce such 
conditions. 

Although the agreement obtaineil lietween the calculated and observed 
wave-lengths is so close as to leave little room for doubt as to the substantial 
correctness of Bowen’s hypothesis, it is evidently desirable to have additional 
information concenung the theoretical intensities of such Imes, and the mean 
lives of the atoms when m the initial states in question, and to see whether any 

t For a full aeroiint of nebular spectra in general, see Becker and Giotnan, * Frgebn. 
cxakt nnturwiHS,* vol. 7, p 8 (1928), 

t Ik»wen, ‘ Nature,' vol. 120, p. 473 (1927) , ‘ Astrophys. J.,' vol. 07, p. 1 (1928) , ' Proe. 
Nat. Aciul, Sci. Waiih.,* vol. 14, p. 30 (1928), ‘ Nature,’ vol, 123, p. 450 (1929), A. 

Fowler, * Nature,’ vol. 120, pp. 682, 017 (1927) 

§ Paaehen, ‘ Naturwiss,’ vol 18, p. 752 (1930) ; Hopfield, ‘ Phys Uov ,’ vol. 37, p IGO 
(1931) 
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additional confirmation is tlioreby obtained. Preliminary calculations to this 
end have been made by Bartlett, f who, however, confined himself to calculating 
relative intensities only. His calculations, moreover, are incomplete, due to 
the approximations adopted, so that his results, though in the main con- 
firmatory of Bowen’s hypothesis, remain somewhat inconclusive. 

In this paper we make c,alculations of the intensities and mean lives for 0 111 
and N II, whicli an* the most important These calculations are complete if 
the contributions of double transitions to the inteiLSity can be neglected, a 
neglect which cannot yet be tested It will be foimd that the relative intensities 
calculated here are m agreement with those observed in the nebulse as far as 
comparison is possible, and the result for the mean lives --which, it is hoped, 
are fairly accurate — furnishes interesting information c-oncermng the physical 
conditions in the nebula* 

The ordinary dipole term m the intensity vanishes of course for the lines m 
question, suice they are “ forbidden " transitions A possible explanation is 
that the transitions are due to the preseiu^e of ionic electric fields in the nebulae , 
but this explanation must be rejected, since such fields must be very weak on 
account of the low density, and, moreover, if such were tlie <5ase, a broadenmg 
of the nebular Balmer lines should result, which is not observed X We shall 
follow Bartlett m ascribing the lines to (juadnpole radiation, taking into 
account the quadripole terms sutHcient to ensure the non-vanishing of the 
mtensities It may now be regarded as fairly definitely establislied that the 
occuirence of “forbidden ” lines — unless due to disturbing external fields of 
some kind— can usually he as( nbed to quadripole radiation (or possilily radia- 
tion of higher poles, though this does not yet seem to have arisen in practice). 
The liypothcHis of quadrijKile radiation m relation to forbidden lines has been 
shown to be in satisfactory agn^'incnt with experiment in the case of the 
absorption sjx^dra of the alkali8,§ the Zeeman effect in potassium, |1 and the 
Zeeman effect in the auroral green line of 0 I.^f 

In the case of <) III and N II we have, effectively, a two-i'lectron problem, 

t Bartlett. ‘ Ph>H. Rev.,’ vcl, 34, p. 1247 (1929) 

t Becker and (Jrotnan, ItJC nt , p 09 Cf. alno Huff and Houston, ‘ Phys Rev vol 
30. p, 842 (1930). 

ji Stevenson. ‘ Proe. Roy. Sol A, vol J28. p ftOI (1930) , Whiteluw and Stevenson, 

Nature,’ vol 127, p 817(1931). 

]1 Segrfe, ‘ Z. Physik,’ vol. 0<), p. 827 (1930) 

^ Frenchs and Campl)eli. ‘ Phys Rev,’ vol. 30, p. 14(50 (1931) For a summary 
of quadripole radiation in general, see iSegr6, ‘ Nuovo Cimento,’ Anno VI 1 1, N, 2 
(1931). 
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and our calculations are based on the work of Oauntf on the triplets of helium, 
in which he also considered to some extent the present problem, and to which 
this paper is much indebted. Gaunt extended the Dirac wave-equation to the 
case of two electrons, but although his calculations gave a satisfactory accoimt 
of the fine structure of He, it should be mentioned that subsequent work by 
BreitJ has shown fairly conclusively that the form of the spin mteraction energy 
adopted by Gaimt is incorrect. Breit gives a closer approximation for it, 
and also works with more accurate wave-functions, and succeeds m obtaining 
a better agreement with experiment for He than does Gaunt. The correct 
form of the Dirac wave-equation for more than one electron is not yet known — 
and, indeed, it is not yet certain whether the equation for a single electron is 
entirely correct. In the present instance, however, we cannot hope for great 
accuracy in the calculations in any case, and it appears that Gaunt’s methods, 
which entail less calculation than those of Breit, should be sufficient for our 
purpose. 

After giving the reqmsite formula for the intensity in § 2, the method of 
calculating the wave-fimetions by a perturbation method is explained in 
§ 3 ; the perturbation theory used is smular to that of Gaunt, but somewhat 
more straightforward. In §§4, 5 we give the calculations for the wave- 
functions and intensities, and in § 6 the numeru^al values are given and dis- 
cussed with special reference to the nebulse. Wt* summarise briefly the con- 
clusions 111 § 7. 

§ 2. liitfmsify of Quadripole Radiahoiu 

Following the method of Rubinowicz,§ it was shown in a previous paper 
(Zoc. at , equation (3) ) that the intensity of quadripole radiation, per unit 
solid angle, in the 2-direction, is 

J — 1^ ! [ 2 (S, + ts.) dx j V 1 1 2 (S, -iS.) dr . 

In this, the current density is taken as the real part of Se*’'*’’*, where v is the 
frequency of the radiation, and the integrals are taken throughout space. 

Quantum-mechanically, in place of S we have, for a transition from state s 
to state a three-dimensional current density 

S„ 4- S*,4 = 2R (S,j 

t ‘ Phil. Trans.,’ A, vol. 228, p. 161 (1»29), referred to hereafter as “G.” Also ‘ Proo 
Boy. Soc.,’ A. vol 122, p 613 (1929). 

} Breit, ‘ Phys. Rev ,’ vol. 34, p. 663 (1929) ; vol. 36, p. 386 (1930). 

§ ‘ Phys. Z ,’ vol. 20, p. 817 (1928) ; ‘ Z. Physik,’ vol. 53, p. 267 (1929). 
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where is the frequency of the emitted radiation, and is the (j}, £) element 
m the matrix for S in a Heisenberg “ co-ordmate system ” (representation) ; 
80 that the intensity, for a transition s -> becomes! 

= II + “+||*{S,-iS,)iT|'J. (2.1) 

Now in a two-electron problem, the <5UiTent density j is a six-dimensional 
vector, and 



etc , where 1 and 2 refer to the <*onfiguration space's of the two electrons, so 
that 

f zS, == j (Ziix, + Zz3i^ d^i dTj, 
etc. Therefore (2.1) becomes, for a two-electron problem 
J— < = j 1 1 [h ijx, Vy,) + '2 Ur, + tjjl dr, 

+ j [2t (jr. ~ tj.,) + 28 Ux. — J] dTa | | (2.2) 

On the Dirac theory, the components of Lt one-electron case) are 

given byt 

= = 1,2,3), (2.3) 

where the a’s are certain matrices. Tlie generalisation of this to the two- 
electron case IS obtained without difficulty , but with the wave -functions used 
by Gaunt, this would give zero for all components. Gaunt’s approximations, 
however, amount essontially to using Schrodinger’s wave-fimctioiis with spin 
factors attached, and it is evident that the same approximations will give the 
Schrodmger expressions for the current in place of (2.3). We therefore take§ 

j,. = ('i'. V'K - '•{'*. V'W. 

47ltT/tQ 

t In the previous paper, the factor 4 was omitted ; as, however, we were there con- 
cerned only with relative intensities, the results are unaffected, 

X Dirac, “ Principles of Quantum Mechanics,” p. 240. 

§ h (not 2 A !) denotes Plants k's constant. 
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where a summation over the spin co-ordinates is now included. Since 


1 21+# ^7^ dTi dTj ^ — I dTj dr,, 


etc., we have finally, from (2 2), for the intensity 

neVi^ 


where 


and 


T — V 4 T(«/* 

runh'^ 




I"“ = I d-ti (ft, 

+ I ‘^'^1 

- 1 V'M*+ IW"’ I*, say. 

a ^ I ^ . ft* i, 


12 




JL _ I A 

’ 


(4- = 1,2). 


(2.4) 


(2.5) 


( 2 . 6 ) 


The integrals in include summation over the spin-factors in the wave- 
functions. The problem now is to calculate the required approximations to 
the wave-functions. 

In all this theory, however, the possible contributions of double transitions 
to the quadripole radiation have been neglected. We shall havi* to be content 
here to evaluate the one type of contribution only ; even this is a lengthy 
matter. More accurate discussions, mcludmg the effects of double transitions, 
have never yet been given so far as we know Jjven Bartlett’s work, in spite 
of its form, really proceeds from the fiuidamental equations of this section and 
discusses only the contributions of simple tjq>e. 


§ 3. Perturbaium Theory 

In Gaunt’s theory we have to deal with systems whose energy levels are 
nearly equal in pairs— “ nearly degenerate systems ” as Gaunt terms them — 
which necessitates a slight modification of the usual j>erturbation theory. 
Wo give a treatment which gives, of course, the same results as Gaunt s (G., 
§3), but which seems rather more simple and straightforward. 

Let the equation 

L (4;) = 

have a number of (ugenvalues near some value E', say, 

= E' + (w = 1, 2, p) 


(3.1) 
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with corresponding eigenfunctions Wo can allow for any of these states 
themselves being degenerate by supposing that some of the SE^’s are equal, 
while the corresponding are linearly independent. 

Now consider a perturbed equation 

(L + V) + = (3.2) 

where V is small and of tlu^ hanie order of magnitude as the SE,„. We may now 
assume an exjmnsion for the eigenfunctions of (3 2) of the form 

S fx, (3.3) 

m— I 

where x * series in terms of other eigen-if^’s of (3,1) than thase having eigen- 
values near E' ; on aecoimt of the being small, we must consider the 

to be of the same order of magnitude. Further, let the eigenvalues of 
(3 2) near E' be 

E - E' + s. 

Then the ordinary perturbation rai*thod gives tlui following set of equations 
for the coefficients in (3 3) 

s [V„, - 8„,C„ (e - 8E,„)1 - 0, («•=],.., p), (3 4) 

m— \ 

where 

and the mtegrals include a summation over the spin-factors where such are 
present. The zero-approximations to the wave-functions ^ are thus deter- 
mined, and the corresponding values of c are given as the roots of the deter- 
minantal ts^uation 

|V,.-8„.„C„(s-8EJ|-0. (3.6) 

Suppose now that instead of using the for the unperturbed wave- 
functions, we use a set of p independent orthogonal linear combinations of 
them, say, 

2 6,^, (i-l, ..,p). (3.6) 

Then the form of (3.4) and (3.6) will be altered owing to the presence of the 
SE^’s. If we neglect the 8E„,’8, it is known that (3.4) transform to others of 
the same form, say, 

2 a',[V\,-8.,C>J-0, (j-1 p), 


(3.7) 
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when' 

V'«= (3.8) 

m, n 

In our case, however, we have, from (3.4), -f- SE„ jn place of V„„. 

Hence, from (3 8), we must add to the in (3 7) the quantities 

S SE,„ = S SE,, 

m, n m 

Thus (3.4) transform to 

S a\ 8E„ ~ S.,0>] = 0. (j - 1. , P), (3 9) 

1-1 7»-l 

and (3 5) transform to 

1 V'., + i - 8,,C> I -= 0. (3.10) 

ro — 1 

This is the modification of the usual perturbation theory required ; it does not, 
unlike Qaunt^s analysis, require the calculation of matrix elements of V other 
than the 

We now consider briefly another pomt arising in the perturbation theory 
used in this paper. In Gaunt's work, the perturbation V consists of two parts 

V - P 4- S, 

where P S Now, in general, perturbative effects are “ additive ’* ordy 
wh(‘U the unperturbed system is non-degenerate , that is to say, if we first 
work out the first order change m the energy levels, and the zero-approxi- 
mations to the wave-functions, taking V = P, and then do the same thmg for 
the system so obtained takmg V == S, we shall not get the same results as if 
we took V = P + S and performed the calculations in one step, unless the 
original system is non-degenerate. This may be seen easily by considering the 
equations (3 9) and (3.10) (whether or not the SE„'s are included makes, of 
course, no difference). If, however, P,' S, the perturbative effects are 
additive in the above sense, correct to 0(S/P). This can be proved formally 
from (3.9) and (3.10), but this is hardly necessary, since the statement is 
fairly obvious from physical considerations 
In the present case, the zero-approximations to the wave-functions have 
already been calculated by Gaunt for the perturbation P alone, and partly 
also for S alone. The metliod adopted here is therefore to use as the initial 
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wave-fuiictions (le., the of (3.6)) those which are correct zero-approxi- 
mations after perturbation by P alone and by S alone, and then to calculate 
the zero-approximations to the wave-functions to terms of order S/P by the 
method indicated above (it is necessary to include terms of order S/P m order 
to get non-vanishing intensities). This makes the calculation of the wave- 
functions very simple when the required matrix elements of S have been cal- 
culated ; some, but not all, of these have already been calculated by Gaunt. 
It may be mentioned that this method gives very simply the relative intensity 
of ortho-para to para-para transitions m He (G., p 177) 


§ 4 Calculation of the Wave functions 

The states that are to be considered for the lu'bular lines are the lowest 
energy states of 0'^ and N^, for which the el(‘ctroiiic configuration is (Is)® 
(2s)^ giving use to the terms (in ascending order of energy levels) ®Pq, o I 
^1^2 i ^^0* transition is possible between these states foi dipole radiation 
by Laporte’s rule,! and we therefore proceed on the assumption of quadripole 
radiation. 

We treat the problem as if the two 2/i electrons were in a central field of 
force directed to the nucleus, and under the mfluence of their mutual mter- 
action We adhere to Gaunt’s notation as far as possible to faiuhtate reference. 
Gaunt adopts the followuig form for the interac tion energy V : 

V-P f S, 


where P, S are respectively the electiostatic and spin parts of thi* interaction ; 
also P = e®/r, and (G. (2 6) and 0 (2 7) ) 


S--Ti + T, 


U = 






[-(5 


'-i ^ P» ) 




where the suffixes 1 and 2 refer to the two electrons, p is the momentum, 
tvq = Tj — Tj, r being the distance between the electrons, and the components 
of the <r’s are Dirac matrices. 


t This rule holds rigorously for dipolo radiation to any order of the perturbation by P 
and S. Weyl, "Theory of Groups and Quantum Meohames," pp. 201, 203 (Eughsh 
edition, 1031). 
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We take the following 16 independent wave-functions for the unperturbed 
(2ji)* state (G., p 184) ; — 

- W (1) (2) - <!>,« (2) (l)]x, (I) x„ (2) 

W =- (1) <t>i^ (2) [Z« (1) X. (2) - X» (1) X« (2)J 

W = [^r‘ (1) (2) - (2) (1)] x« (1 ) X« (2) 

W - [^ 1 ® ( 1) (2) - ^i" (2) (1)] lx« (1) X» (2) + X» (1) Xa (2)] 

W = [<^i“ (1) (2) -I- <^i“ (2) (1 )] [x„ (1 ) X* (2) - x» (1) X. (2)] 

4'.” = [^1® (1) <f>i^ (2) - (2) (1)1 X. (1) X. (2) 

+ 1 .® = [<^ 1 ® (1) (2) - V (2) (l))x, (1) Xa (2) 

4-v® = [^r* (1) 0.‘ (2) " <^r’ (2) (1)1 lx, (1 ) X» (2) + x» (1) X, (2)1 } (4 D 

V = l^r' (1) (2) 4- (2) (1)1 lx, (1 ) 7m (2) - x» (1) X, (2)1 

+.« - (1) V (2) lx, (1) X» (2) - /» (1) X, (2)1 

4'.-^ - [<^, -Ml) (2) - (2) (1)1 X6 (1) X. (2) 

+r ■’ = 1^1® (» ) (2) - -^ 1 ® (2) (1)1 lx, (1 ) X» (2) + X, (1 ) X, (2)1 

4'a"' - l^i" (1) (2) + ^x® (2) ■> (1)1 lx, ( I ) X» (2) - X* (1) X, (2)1 

4^.-® - -- W G) ^1 ^ (2) - <^1® (2) (1)1X6 (1) X6 (2) 

- <^x Ml) (2) lx, (1 ) X6 (2) - X6 (1) X, (2)1 

In these functions, the arguments 1 and 2 refer to the two electrons, and 
(G (4 03) and G. (4.04) ; we use R m place of 

^“ = 3Px“R, (|«1<1), (4.2) 

where R is the radial part of the wave-function, and, following Darwin, 

P,“ = e'“-t (& - v ) ! (1 - p»)“/* (jx = cos 0). (4.3) 

The X 8 spin-factors with components 

X. = 0,0. 1,0 1 
Xt = 0, 0, 0, 1 J 


The wave-functions are not normalised ; we denote the normalisation factors 
by such symbols as C/. They are divided into five groups, corresponding to 
the different values of the total angular momentum (orbit + spin), and indicated 
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by the superscripts, which we shall call m, of the tj;’s. The functions with 
suffixes a, (3, y arise m the perturbation by S alone (i.c., the ®P states) ; those 
with suffixes S, e in the perturbation by P alone (^S and ^D). The five groups 
are “ non-coinbining ” for perturbations by both P and S, and can therefore 
be treated separately , but the sub-groups, symmetrical and anti-symmetiicul 
in the position co-ordinates, combine when both P and S are taken into accoimt. 

As regards the perturbation by P alone, the above functions are all correct 
zero approximations as they stand, except 4*^,® and 4«“' peilurbation 
calculation roplntes these two by wh(*n‘ ((1. (!) 22) ) 

+5® = +»® - 2(1*.® J 

with P perturbation energies given by (iL (!) 1!)) ) 


AE, 

1^0 

1 1 Da 

c 

25 0 

AE. 

J>0 

2 I') 

U 2 

0 

G 

■ 5 G 


1 1 


-lH(4,t)®[] 

112 , 2 dr 


where (0 (9 17) ), 


and (G (9.15) and G. (9 01) ) 

Do = IK (Irt) V I r J_ li* ( I ) Tl® (2) r,® r/ dr^ dr^, 

JJd ^IIU\ 


(4 C) 

(4 7) 


r.nav being the greatei of Jiy dividing tlu* laiige of integiation for 

into the two intervals (0, r^) and (y^, oo ) ami < hanging the order of integration 
in the second part, tlie micgral for may be replai-ed by 

Dj, - 36 (4 tc)-*c 2 (" di\ I '' rf/. r,r./ \l^{) K-* (2). (4 H) 

J 0 J 0 

Similarly, from G (!) 12) 

D.. _ 36 (471)® c® f " di , [' dvi /j! li® (1 ) R® (2). (4.9) 

Jo Jo ti 

The wave-function then reh'rs to the teiin, with extra P energy AK5 , 
44® and the other functions symmetriiai m the position co-ordmates re£(‘r to 
^Dg, with extra P energy AE4 , whih‘ the functions antisymmetrical m tho 
positions refer to tho ^P term, with extra P energy (6. (9.25) ) 

AEi (= AE, = AE3) ^ - 1 ^ . (4.10) 
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The next step is to obtain zero-approximations to the wave-functions correct 
to order S/P, taking into account the total perturbation P 8, by the method 
of §3. This is facilitated if we first find the correct wave-functions anti- 
synuuetrical in the positions after perturbation by S alone. 

We consider in detail first the group wi = 0. For this group, the calculations 
have already been made by Gaunt (G. (9.63) ). He finds for the wave-functions 
(since there is an arbitrary multiplying factor m each) : 


W + Is" >, 

Is® — — ‘2|.® -1 2|3® — |y® 


(4.11) 


and (G (9.61) ) for the S perturbation energies (giving the fine structure of 
tlie triplet) ; 

, 1 11 T ^ 


in T 

SBa = >3i f ^2 f Y c I ’ 

2 4 5 T 

= -|-|i 


(4.12) 


where tq* are the spin energies for a single 2p electron in a central field of 
force, and (G. (9 53) ) 

T = ^ (4„)s . f “ ['■* (1) r2 (2), (4 1.3) 

5 Jt) Jo Ti 

wliere 

^ he ^ ^ 

The terms 1, 2, 3 are “Pj, ®Px, ®Pq respectively. 

We now take 4 * 5 ® for the independent orthogonal linear combinations 

of (3.6). The 4m of § 3 are the 4ii > 4^ of 0. (9,31) ; the of § 3 can be 
read off from G. (9.62) (allowing for the factor by which 42 ® has been multiplied 
in (4.11) ) ; and the SE^’s are given in G. (9.37). The of (3 10) are given 
by G. (9.36), and the which wc write C^®, .. , C 5 ® m the present notation, 
are given from (4.5), (4.11), and G. (9.34) as follows 

Ci® = a® + C7 + C/ = 12C, 

and similarly 

Cg® = 4C, C3® = C40 = 24C, C5® = 12c. 
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There remains the calculation of the matrix elements 
which are the of (3.10) The are, of course, the AB's mtroduced 
above, and = 0 (i j). The S^y® can also all be calculated from the 
results of Gaunt. We have, in fact, from (4.0) 

= + etc. 

and (Ti)„a® U„® are given from G. (9.52) and G. (9.54). S,/ (i, j -= 1, .... 5) 

are then given by (4.5) and (4.11). We thus findf 

Sn® = + S,,o d- ~ 2S,,« - 28,,® + 28^, « = - 33T, 

and similarly 


Saa® = 15T, 833®== GOT, Si4®~30T, S^g® - 6T, 834® - 12T, 

S33® = 36 T, 8,3® -- 8,3® - S33® - S34® S33® = V == S43® == 833® - 0 . 

The determinant of (3.10) now becomes 


33T-h4C(%+ij,) 
+ 12C(JE,-«) 

0 

0 

30T+8(;(,. „) 

OT 

0 

18T4 

+4C(4E,-.) 

0 

0 

0 

0 

0 

60T-+ 10C(7Ji+2t,,) 
H-24C(JEi-€) I 

-12T 

36T+16C(i,,-7,,) 

30T+8C(ii,-i),) 

1 

0 I -121' 

1 

1 H24C(JE4-e) 

■■■ '1 

0 

6T 

0 

3bT+16C(„-,,) 

1 

1 0 

1 

8C(27yi+)?i) 

+ 12C(dKj-€) 


The third order sub-determinant at the beginning of the principal diagonal 
is that arising from the triplet, the fourth diagonal element that from the 
state, and the fifth diagonal element that from the ^8 q state. From the 
manner m which it has been obtamed, it is evident that to a sufficient approxi- 
mation the roots, e, of (4 14) equated to zero are obtained by equatmg to 
zero the elements of the principal diagonal, which gives, of couise, just Gaunt’s 
values for the energy levels (disregardmg an unimportant spm correction to 
the singlet terms). 

According to the method of §3, the zero-approximations to the wave- 
functions are then given correct to order S/P by, say, 

T,®- S ayy^y® (^ - 1, 5), 

j-1 

t Not all theflo matrix elements need be calculated for our immediate purpose, but the 
complete oaloulation affords a check on the work. 
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where |oy| is the determinant (4.14). Retaining only terms of order S/P, 
this gives for the root 


e = AEj + SEi (8P2) ; 

«a [30T + 8 C (»ii - y)a)] |- . 24C ( AE* - AE^) = 0 

ou . 6 T + ais . 120 (AE 5 — AEj) = 0 

Ojj = «j3 — 0. 


Hence, using (4.6) and (4 10) 


Uii 24 Dg 
1^11 6 1)3 


26 0 , 
18 Dj 


-'Ja) 


We may therefore take 




Sinularly 


125 T ■ 25 Cl 
. 24 Dj 18 Dj 


(•Oi— lOa) V 


'■5 T , 0 

6 5; • 


e - AE, + SEj (®P,) : 

MV -4-2“ 

e- AEi + 8E3(»Po); 

•r." = W + g ^ - [5 + y (1. - 1 J J « 

e = AE, (iDj) ; 

U/-0 I 0 . [125 T , 26 C - .1 , „ as T , „ 

v." - w + Lit F. + 9 D. P- Ti D, 

c=AE3(>So): 

'f." - V + 1 K V + B F + f F 


We now carry out an exactly similar process for the groups w ~ ± 1, ± 2 of 
(4.1). For these groups, the S matrix components have not been calculated 
by Gaunt, except = -- V’ T (G. (9.77) ). Many of the wave-functions in 
these groups, however, differ only from those with m “ 0 in having different 
spin factors. This enables some of the matrix elements to be found in terms 
of those with w = 0, by utilising the formute for the effect of Tj and U on 
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the spin factors given in G., § 5, and the results of G. (9.60), G (9.61), G. (9.52). 
For instance, we thus find 

2(W=-2(T,)„» = -5T 
U,9« = U„'> = -iT. 

Wc obtain in this way the following matrix element.st 

s,,* == T, =- 2T. \ 

" > (4.15) 

== ^ S.r' == 13T, SJ S„-^ - 0 J 

Moreover, the integrals for T^, U arc in all eases real^ so that they may be 
equated to their conjugates. By considermg the relations between the wave- 
functions for w = i 1, and for w = 2, it may thus easily be shown that 

- s,^^ V - - - - s,r^. (iie) 

Thus the only integrals that need he calculated explicitly are (Ti)p 5 ^, 

(the corresponding U’s vanish). 

The calculation of these integrals is laborious ; the method has been suffi- 
ciently indicated by Gaunt, and we only quote the results X : 

S,.® = - 7T. (4.17) 

Since the P matrix elements have already been found in connection with the 
m =0 group, we now have all the required matrix elements. 

Consider now, for example, the rw = 1 group of wave-functions. We must 
first find the zero approximations after pertuibation by S alone for the functions 
anti-symmetrical in the positions. We find 

C^i^C,i = CV-4C. (4.18) 

Omitting the factors, since we merely wish to find the wave-functions, the 
S perturbation applied to the functions 4^^^, gives the secular equation 

2T - 4Ce, 13T = 0 

13T, 2T - 405 

t The elements and (Ti)aa“^ arc not given directly in this way ; it can be seen 

that they vanish on account of tho mtogiations with respect to 

t It may be mentioned tliat the coefficients m tho expansion of inverse powers of r m 
a series of Legendre polynomials, required for the evaluation of the integrals, aie given 
very simply by some formuire given by Routh, ‘ Proo London Math. Soc.,* vol. 26, 
p. 481 (1896), and do not require tho special artifices used by Gaunt for finding them. 
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with roots e : 
binations 


16 T 
T C’ 


11 T 


4 C 


, 80 that are replaced by linear com- 


^ = 4'.' + +/ I 

W = J 


(4.19) 


These refer to ®Pi, ®Pa respectively. From (4.18) and (4.19), 

tv = cv 

and from (4.19), (4.1.5), and (4.17) 

Sui = 30T, Sjai = --22T, V = 14T, = 0. 

Wo now take for the of § 3. We next require the bff, 8E„„ 

and C„ of (3.10), that is, we miist express our wave-functions in terms of the 
fundamental Dirac solutions for a single electron. Analogously to G. (9 30) 
we fin<l 

<j/pl (j/y {- 2(1/9 

W = — 4'8 + 'I's + 3(}'in f* (4.20) 

= 4'e — <l’« + 34/jo 


where 


4-8 =+;J(i)4'-aM2)-4':J(‘^)4'-2‘(i) 
4'9 - 4'1-MI) 4'-2M2) - 4'rM2) 4'-2M1) 
4'io - 4'-2®(1) 4'!“ (2) - 4'-2M2) <1/10(1). 


(4.21) 


In the right-hand side of (4.21), the notation is that of 6. (4.00) ; the suffixes 
here refer to Dirac’s j. From (4.21) we have 


8Eg — 27 )j, 8Eg — 8Ei(, — iii yi2- 

Also from (4.19) and (4.20) 

4>i^ = 3(<I/,-f «^io) 

4'2* = 2 iJ/8 -f (j;, ~ 3t^io 

SolviDg (4.20) for and using (4.18), we find 


} 


(4.22) 


(4.23) 


C. = I c, 

8 3 


e.-|c, 


c..-|c. 


(4.24) 


The b(i can now be read off from (4.20) and (4.23) ; the SE,, are given by 
(4.22), and the by (4.24). 
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The determinant of (3.10) now becomes 

f30T + 8C(ri,— ri,)! 

I +8C(AEi-s) r 

0 , l-22T + «C(6Yi, + vi»)i i4T-t-“0(.;i -rj,) 

-f- (AEi - e) > ^ 

<) lAT I \ f I 

0 , 14T + ,^C(„-,.) 

By the method used for the case m = 0, we fijid for the wavc-functiona : 
3P,: MV- V. 


In a similar way, the groups m = — 1, -±^2 are tr(»ated ; wc shall only give 
the final results : — 


m — ^1 


*>P,: = 


■D.: 'T.-' = [f^ I fe- 

<{<1"^ =■ 4'..“^ — 'tv''’ 'I'r* = 4'.“^ + 'I'r"'- 


m = 2 . 




175 T , il 

12 Do ^ 9 1), 


111. +n^, '’>■-’>•) I +•“■• 
>D.: f,+f Vj*--’ 
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Collc'ctirig our results, and using (4.5), (4.11), (4.19), (4.26) to express the 
wave-functions in terms of the original functions (4.1), we now have the follow- 
ing complete list of zero-approximations for the different states, correct to 
terras of ordi-r S/P : — 


'•Pa : (12C) 

(8C) 

+ (8C) 

(2C) 

+ (2C) 


+ (4C) 

it;,! [- ^1/ (8C) 

(8C) 

*Pa ■ - 24-.“ + 2<l;,o - (24C) 


(4.2G) 


where 


«i 


^Dg: -f Cjij;.® — -f CjiJ// (24C) 

V + (4^) 

<}'r' + k3(4'.-^ + 4'r') (4C) 

(40) 

hSo : (J/," - 2^.0 - -f (12C) ^ 


146g 25 

“14 5 



„ 175 , , 
Ca ^ 



35g 20 65c , 40 

"‘ = -12^-9’’’ 9^’ 


25 B 25 


and 


25 c , 20 



’3=j^^(')l->]2)' 


(4.27) 


The normalisation factors — disregarding terms m y) — ^ are given in brackets. 

These may be compared with the functions given by Bartlett (loc. eU,). 
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§ 5 Intensities mid Mean LirVes. 

We now calculate the intc|a;ral8 and Ig of (2.5) for the quadripole intensities 
for transitions between the various states. For the fl-’s of (2.0), we have the 
formul*© due to Darwm (G. (5 20) ) 

&(?i'‘K) = + »(i - +■ 27) 

> . (5.1) 

(Pi“R) = J + « (1 + «) + 2 y)Po“-^] 

From a consideration of tin* intef^rations with respect to the azimuths <f>i, (^g, 
it can be seen that the integral I/**’ vanishes unless = w, -f" where 
mi denote the »i’s of the initial and final states ; and that the integral 
vanishes unless nii = — 1. This simplifies the cahmlations considerably, 

since only one of the integrals or Ig can contribute anything m the com- 
binations between the various wave-functions of the different states. Moreover, 
fimctions symmetrical m the spins can combine only with functions also 
symmetrical in the spins, and likewise for functions anti-symractrical in the 
spins. The best plan is to calculate first the values of Ij,, Ig for the only 
possible combmations of wave-functions ^ from (4.1) that can oexjur. The 
integrals always reduce to the product of two simple integrals, of which one 
is of the form 

(2> = -l,0), (5 2) 

or 

j2^’-»*(<^,’-i)*ciT, (p-1,0), (5 3) 

and the other of the form 

(5 4) 

Using (4.2), (5.1) and (P*")* = (— 1)“ P*”", (5 2) becomes 

(- 1)' ' i . 3 . 2 tc . (’dO dr [Pi'Ta-" sm 0 cos 0 (r^RR' - r^R*) 

- 0 J t) 

- (p + 1) (p -T- 2) P/Po’" S>«1 0 cos 0 (/^RR' -f- 2r®R*)], (.5 .5) 

where R* = dRldr, and Pi" 8tand.s for Pj" us defincHl by (4.3) without the 0 
factor. By an integration by parts 

rr»RR'dr = - 7 , (“r^R^dr, 

Jo Ju 

and the integrations with respect to 0 can be performed without difficulty. 
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We thus find for (6.6) the value 

12it f r*R* dr = A, say, (j? = — 1, 0), 

Jo 

where A® = ^0 by (4.7). Siinilarly (6.3) has the value — A, (p = 1, 0) Wo 
easily find that (6.4) has the value A for = 0, and 2A for = i 1* 

We can now make a tabic of values of for the various possible pairs of 
the of (4.26), including the summation with respect to tlie spin factors. 
The total intensity of a transition such as for instance, is then 

obtained by summing the values of I'*'* where 5 is any wave-function of the 
state and t any wave-function of tlio ^Pg state, after inserting the normalisa- 
tion factors for the wave-functions. Wc shall omit the details and give only 
the final results : — 

iDa > »P 2 : I == ^3 (2097^* + 768^/) + SOr)*) 

-ap, : I - ^8 (1989^2 + 7G8 ^y) + 8(hj*) 

>S«-=*P2: 

1 = 0 

iSo^^Dg: I-O 

Tlie value 0 for ®Pq is a special case of the result that the transition 
j =.0 = 0 is forbidden for any multipole radiation (Bartlett, loc, ciL). 

The value 0 for ^Dg, however, has only been obtained because the functions 
Vfi®» ^Sgand m ^Dg (which are the only ones that arise) occur in 

certain combinations ; it is thus, so to speak, accidental, and it is clear that 
by taking account of higher order terms in the wave-functions we should get 
a non-vanishing result. It is only the perturbation by P which comes in 
question, and this perturbation is large when both electrons are in 2p orbits ; 
m fact, it will be shown in the next section that the separation ratio is not in 
agreement with experiment, so that the wave-functions with which we work 
cannot be very good approximations. 
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To take account completely of the second order perturbation by P would 
require a great deal of additional calculation. We therefore make use of a 
modification of the usual perturbation theory which has been given by Leiinard- 
Jones.f Let be the elements of the perturbation matrix ; then the first- 
order correction to the wave function energy ordinarily given by 






Efc — E, 




Lennard-Jones pomts out that this may be replaced by 


E. 


^ 4- V 


E.) 




(5.7) 


where is the first-order correction to the energy-level Ej. The principal 
part of the correction is thus expressed m terms of the unperturbed eigen- 
function and if E^ E^ the second part may be neglected. In the case of 
O'* and the condition Ejt E, is not fulfilled, the levels from the 2sl2p)^ 
configuration, in particular, lying fairly <‘lose to the (2.v)® (2p)® levels. Never- 
theless, we may expect that the contribution from the second term in (5.7) 
will be comparatively small, and that — at least as regards order of magnitude — 
a fair approximation will be obtained by retaining only the first term m (5.7). 

In the present case, V = P — so that, from (6.7), a wave-function 4^, 
is to be ri‘placed by 

1 ~ ^ i - 1;) +. ^ (l + «. r- ^ ) '1',. say (5.8) 


where AE, is the P-perturbation of the state in question, and E the unperturbed 
(Miergy level— say, the mean of the levels ^D, ®P. From (5.8) and (2.5) 


T (Bt) __ 

Ij — 


[ Zj ('l + a. + F) (1 I- a, + f) dT^ 

+ J 22 ( 1 + (*. + ^) (!+«« + ^ )'P*« d^i (Zt, 


(0.9) 


Retaining only first-order terms in a, p and neglerting the terms independent 
of a, p smee we know that they contribute nothing to the final result, the first 
integral in (6.9) gives 

(a, + a,) I d-Zi dr, + P | ^ d-^t 

+ pj*i+.^i(^*)<i^i«i^*- (5.10) 

t ‘ Proc. Roy. Soc A, vol. 129, p. 508 (1930). 
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The last integral m (5.10), after an integration by parts, gives 

- P j d-vi dxg. 

The second integral in (5.9) is similarly treated, so that we may put 

= ( a , + a ^) I ^'^2 

+ p j ^ ('I'A'I'*! — A W dTj (5.11) 

-f- p I (4(,52i{(*, — <{'*(^2W d-Zi dxs 

has the same value with S'* in place t)f & The first integral in (6.11) 
has already been calculated ; tlie only new ones that need be calculated are 
the second and third m (5 11) and the similar expression for 
Since we may expand 1/r in the form (G. (9.01) and G. (5.22) ) 

; = S/„(r„r2, % O^) c'-* 

T u 

it can easily be seen that only those wave-functions contribute to T*” which 
do so when the corrections m (5 8) are neglected, and, moreover, that if one of 
the integrals does not vanish, the other one certainly does. Since 

we are considering only the transition, this means, from (4.26), that 

we need only retain the wave-functions 


for % 1 

for ^D 2 y 


(5.12) 


The second and third integrals in (5.11) are of a type met with before in the 
work There are a number of new integrals to be found The best way is to 
proceed systematically with the fimctions <f> that occur in (6.12) in the same 
way as before. The calculations may be considerably shortened by observing 
tliat some of the integrals can be deduced from others by interchanging the 
variables 1 and 2, or equating an integral to its conjugate (since it is real). 
We further have m our case, from (5.8) 


E ’ 



= — 


= 
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and (4.6) may be used to express AB4, AE5 in terms of the mtegrals Dq, D^. 
We agam omit the details, and give only the final result : 




G‘25^CE'‘ 


(5.13) 


Tliis now replaces the last of (5.6) 

The relative intensity of hues with the same initial level, ^Sq or are 
given, from (2.4), by the ratios of the valiu'S of I given by (5.6) and (5.13) 
multiplied by where v is the frequency of the line. 

For the mean lives of the and^Dg states, we recpiire the absoliUe intensities 
The result (2 4) is the intensity per unit solid angle in the 2-direction. For an 
individual transition between two wa\e-fiiri( tioiis the radiation is, of course, 
polarised,! but the total radiation foi a transition between two states is 
evidently unpolarised and the same in all directions. The total intensity 
per atom is therefore obtained by multiplying (2.4) by 47r and dividing by the 
weight of the initial state (1 for ^S„, .I for ^Dg) The probability of transition, 
per unit time, is obtained by division by a further factor The total 

probability of transition, per unit time, from ^Sq or 'Dg to a lower level, is 
obtained by surnmmg th(‘ proiiabihties so found over all lower levels, and are 
thus, from (2.4), (5 G), and (5.13), given by 


A(%)- 


47C^Ae^ ( h f 


A(^D,) = 


'“0 ^ 


\ c ^ 


(520 ' CR ' 


125 

9-12» 


> (5.14) 


(«G04e -I' 3072^/j + :V20/)*) 


where v^, Vj arc respectively the frequencies of ^Sq >*®P, We have 

neglected the contributions to A (^Sq) of the transitions, since they are 

relatively very small. 

The mean life, t^, of an atom m state s is defiiUMl by 


where A,,,.,, is the Einstein “ A coefficient, and the summation is taken over 
all states r of lower energy than s, so that if no influences other than spontaneous 

! By considoring the Held given by the retarded potentials, it can be shown that the 
radiation is ciroularly polarised pxrallel to the (jc, y) piano. C/. Uubmowioz, ‘ Z. Physik,* 
vol. 61, p. 838 (1930). 



320 


A. P, Stevenson. 


emission are at work to mcroase or decrease the number of atoms in state 
that number will be 


N = 




after time t, where is the number at time 0. The mean life of an atom in 
state or is therefore the reciprocal of the corresponding expression in 
(6.14). 

§ G. Numerical Values. 


So far the calculations have, of course, been general and apply to any atom 
or ion which can be treated as composed of two electrons in equivalent p 
orbits. Wc now wish to apply those results to the special cases of and 
, with reference to the nebular linos The combinations of integrals of 
radial wave-functions which remain m the results can all be calculated from 
the experimental data. For, from (1.0) and (4.10), the separations between 
the different multiplet terms are given by 


>d--s = ae.-ae.>|2. 
»P - ID = 4E, - AB, ^ ,4 2? 


( 61 ) 


while from (4 1 2) the triplet separations are 

- 3P, = 8Ei - SEa = - M 5 -I- I (v)i - v]*) ] 

3Po - »Pi = SE, _ SE 3 - I I + 1 (Yli - /)3) 


( 6 . 2 ) 


so that from the experimental values for the separations, the quantities Dj/C, 
T/C, yji 7]2, and hence also ^ and t), can bo calculated 
It IS of interest first, however, to see how the observed separations fit in 
with the calculated values where such can be found. A discrepancy arises at 
once, however, as pointed out by Bartlett, for the ratio of the mter-multiplet 
separations given by (6.1) is 3 : 2 independently of the value of Dg/C, whereas 
this IS not so experimentally, the ratio being about 23 : 20 for 0 * and 17 , 15 
for N"^. It 18 evident that this arises from the large value of the perturbation 
by P when both electrons are in 2p orbits, and the fact that our wave-functions 
are not sufficiently accurate {cf. the results on the intensity of ^So“>*^Dg of 
the last section). The nccessar}" wave-functions, derived by the method of 
Hartree s self-consistent field, are available in the case of 0 ^ having been 
calculated by Hartree and his collaborators. The method of the self-consistent 
field has been amply justified by comparison of results derived from this 
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method with experiment, and has recently been justified theoretically as being 
a good approximation iii niany-electron atoms. f 
With these radial wave-functions the integrals for T, D2, C were calculated 
by numerical integrationj ; 7)1 — 7)2 is the spin-doublet separation for a smgle 
electron in a p orbit in a central field of force, and is given by§ 

r-R*dr 

vii — y) 2 = fyW ? = , 

Jo 

where Z is the effective nuclear charge at distance r, so that, since Z is also 
obtained with the self-consistent field nu'lhod, — 7)2 can also be calculated. 

The values thus found for the separations for 0 ITT, computed from (6 1) 
and (6.2), together with the experiinental values (taktui from Becker and 
Grotrian, loc. at ), are given below in cm : — 

Separation ratio 




Observed 

Calculated. Obser\^ed 

Calculated. 

ID- 

-IS . ... 

22913 

16600 1 





} 1-U 

1-5 

sp. 

-ID 

2«1(K) 

11 100 J 


3Pl 

-n\ .. 

193 

224 1 





y 1 -66 

1-8 

■■‘ro 



116 

125 J 



The mter-multiplet separations do not agree well with the observed values, 
as might be expected m vicjw of the above, but the triplet separations ('ome 
out as well as can be expected On th(* whole, then, we may expect our theory 
to yield reasonably accurate results for the intensities and mean lives, In spite 
of the inaccuracy of the wave-functions used after perturbation by P alone. 
For the numerical calculations, we shall now use the experimental data as 
explained above, taking the mean of the two values for D2/C obtained from 
{6 1). The use of the experimental values for the quantities involved in this 
way may reasonably be supposed to increase the accuracy of the calculations, 
though this cannot be said with certamty. 

We give, m Table I, the results for the relative mtcnsitics of Imes from the 
same mitial level, and the mean lives, as calculated from the formulae of § 6, 

tFock, ‘Z. Physik,’ vol. 61, p. 126 (1930), Dirar, ‘ Proc. Camb. Phil. Soo.,’ vol. 26, 
p. 376 (1630). 

t The values of D|, C were supplied by Dr. Hartrce. For the other integral, a straight- 
forward method of numerical integration was actually adopted, although in similar eases, 
owing to the inverse powers of r in the integrand, it may sometimes lie better to use a more 
indirect method. I am indebted to Dr. Hartrce for pointing this out to me. 

§ Dirao, * Proo. Roy. Soo.,* A. vol. 117, p. 624 (1928). 
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for the spectra OIII, Nil, and the similar spectrum Cl (added for com- 
parison), and also the observed values for the intensities of the nebular lines. 
The observed values of the separations in 0 III and N II, and of the average 
nebular intensities, are taken fioin Becker and Grotnan (loc. cif.) ; the data 
for C I are taken from a paper by Fowler and Selwjm.f 


Table 1. — Relative mtonsitios of linos, and mean lives of metastable states, arising 
from (2p)® configuration. The intensities are relative for lines m the first group 
and for lines in the second group, but not for two lines in difieront groups. 


/ 

/ 

OIII 



NU. 


Cl. 

/ 















/ 

A. 

Relative 


1 Relative 

, Relative 

/ 

/ 

/ 

/ 

inlonHity 

A 

j intensity. 

1 intensity 

1 

Calc, j 

Obs 


Calc. 

Obs 

! Cftic. 1 Ob«. 

‘D.-'So 

4363 21 

1 

1 

5754 8 

1 


' 

8782 Oft 1 — 

•P.-'N. 

2832 08 

2 X 10* 

0 

3071 03 , 

3 < 


4735 ')() 4 10-» - 

’P.-‘S, 

2321 04 

4 X lO-'' 

0 

,3063 72 

6 10'> 

U 

472ft Oft 4 . 10-* - 

•P.-*«. 

2315 40 

0 

1 

0 

3059 03 

I « 

9 

1 472h .)() 1 0 — 


5000 84(Ni)l 

3 

2 

6583 6 

3 1 

2 

10348 7 ! .1 — 


4958 91 (Nj) 

1 

1 

0548 1 

1 

1 

10319 3 11 — 

'P,-‘D. 

4931 93 1 

7 < 10-‘ 


6528 2 

7 X 10-‘ 

0 

10303 (1 1 1 X 10-‘ — 

Mean life 
^Sq state 

0 10 seconds 


0 11 seconds 

0 12 seconds 

Mean life 
fltate 

20 seconds j 

1 

3 1 miniit(s 

1 5S iiiinutes 


The results for thii relative intenbities of the nebular lines coiresponding 
to 1 , satisfactory ; m particular, the calculated value of 

3 : 1 for th(‘ relative intensity of the nebulium lines N^, Ng in 0 III agrees quite 
as well as could be expected with the average observed value of 2 : 1 Indeed, 
this ratio, which diCers somewhat m the diflenuit lu'bulee, should be more 
nearly 10 : 3 according to C^anipbell and Moore Similar remarks apply to 
the red nebular lines, X~0583-G and X = 6548-1, of NIL The extreme 
weakness of the line ^Pq— T ig m both 0 III and N II accounts for these lines 
not being observed in the nebul®. Bartlett’s results (foe. cit,) for the relative 
uitensity of ®Pg i q —^^2 


3*9.1-2:l-9 
39 : 25. 0 
11 : 7:8 


WorOIII, 


l'9:l-2:l-4^ 


39 : 
11 : 


25: 0 
7: 8 


MorNlI, 


t ‘ Proo. Roy. Soc A, vol. 118, p. 34 (1928). 
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the three different results beinp; obtained by assuming throe different inter- 
mediate states m the cahmlation of matrix elements. 

It will be seen from (G :i) and (4 27) that when t he ’P tiiplct is not far removed 
from a “ normal ” one (separ.it ion ratio — 2 * 1)- -as is the cNase m all the spectra 
here considered — the ratio ^/t) is small (^ — 0 for normal triplet). From (5.G), 
we see that it is the small value of which accoimts for the relative weakness 
of ^pQ— As the triplet departs farther from normality the Ime ®Pq— 
Ijecomes strong(‘r, though, owing to the nature of the coefficients in (5.6), 
t he ratio of ^Pg — ^Dg to --'D 2 always close to 3 : 1 . The relative intensity 

of ^Pg, 3 , o“^Dg for a normal triplet is exactly 3 1:0 according to the present 
theory. It will bo observed that the summation rules are not obeyed in these 
inUmsities. 

The weakness of the lines ‘‘P, compared to ^Dg — would also 

account easily for their not bmiig observed , but we have 111 addition tlic fact 
that these lines he m the ultra-violet and so would not be oliserved in any case 
in the nebulee. The hue ^P^ (which the calculations show is much the 
stronger of the two) has, however, been observed m the similar spectrum Pb I f 
It should be pointed out, incidentally, that the value for ^Dg— is somewhat 
unreliable owing I 0 the way m wdiich wc dealt with the first-order approxi- 
mations to the wave-fmii tions for tins transition m § 5. 

What IS |M'rhaps the mo.st interesting result of the cah^ulations from an 
astrophysical point of view is tliat for the mean lives of the metastable states 
and ^Dg, especially the latter, m 0*^ ' and N^. The figures for the hS,, 
state are not very reliable for the reason mentioned above, but those for ^Dg 
should be fairly accurate It is u.sually V(*ry reasonably assumed that the 
physuial conditions in the nebulae must be such that the mean time between 
(‘ollisious suffered by the gaseous ions must be at least as great as th«* mean 
lives of the ions m the initial metastable states ; for otherwise the ions would 
be knocked out of these states so quickly by collisions of the second kind that 
the radiation would not be effective { It is also necessary to suppose that the 
radiation from the exciting star is so weak tliat the induced absorption does 
not seriously impede the emission § 

t Siir, ‘Phil. Mag,’ vol. 2, p. «40 (1926); Oioselrr and Grotnan, ‘ Z. Phyaik,’ vol. 34, 
p. 374 (1926). 

t This should not, howe\er, be assumed without question, since emission lines from 
metastable states, as, for instance, the auroral green line of O I, have been observed in the 
laboratory where this condition would not, presumably, be satisiiod. French! and 
Campbell, ‘ Phys. Rev.,’ vol. 30, p. 1460 (1931 ), suggest that the occurrence of this line in 
the laboratory is duo to the strong excitation in laboratory sources. 

§ Kddington, ‘ Mon. Not. R. Astr. Soc vol. 8ft, p. 134 (1927). 


vob. cxxxvn.— A 
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We may therefore (probably) assume that the moan time between colhsiona 
in the nebulse is at least about 26 seconds m regions where the ncbulium 0 III 
lines are emitted, and about 3 minutes in regions where tlie red lines, X— 6583-6 
and 6548-1, are emitted The greater time necessary for the latter is con- 
sistent with the fact that the N^, Ng lines occur strongly in almost all the 
nebulae, whereas the r<‘d lines occur only in a few ; the nitrogen spectrum, 
however, occurs less frequently than the oxygen in the nebulae, and this may 
not have any significance. The mean time betwec-u collisions depends on the 
temperature, density, and effective collision an‘a of the colliding particles in 
the nebulae, and these are not at all accurately known Very rough (‘stiraates 
give a mean time ranging from 10^ to 10* seconds for the diffuse nebulao, and 
from 7 to 700 seconds for the planetary nebulae f 

The nebulmm lines Nj, Ng occur also in the spectra of novae a certain time 
after their appearance. If we accept the theory that these lines are (^mitted 
by a gaseous shell which expands radially outwards from the nova, then, as 
pointed out by Elvey,^ the density of the shell at the monumt the nebular 
lines are emitted must have decreased to such a value that the mean time 
between collisions isjmt sufficient for the radiation to become effective - about 
26 seconds according to the present theory. If tlu^ density of a nova shell at the 
moment of emission of the nebular lines could be found accurately, § this, 
then, should give fairly precise information concerning the temperature (or 
vice versa), 

§ 7. Conclusions 

We are justified in drawing the following conclusions from the present work * 

(1) The only point at which direct comparison of the calculations with 
experiment can be made is in the relative intensity of the lines ^Pg ^ o J 
the agreement is very satisfactory. 

(2) Assuming the validity of our results and of the hypothesis that the mean 
time between collisions suffered by the omitting atoms in the nebulao must 
be at least as long as the mean lives of the atoms in the initial states, the 
physical conditions in the nebulas must be .such that the mean time between 
collisions IS at least about 26 seconds m regions where the ncbulium Nj, Ng 

t Becker and Grotnan, lor. etC, p 74. 

t Elvey, ‘Nature,* vol. 121, p, 12 (1928), Pike, ‘Nature,* vol. 121, p. 136 (1028); 
Elvey, ‘Nature,’ vol. 121, p. 463 (1928); Geraaimovic, i,6id. 

§ Elvey’s estimate la 10“” gr. cm.-’, about the same as the estimated density fn the 
nobulse, but the data on which it is based can hardly be considered reliable. See Menzel, 
‘ Nature,’ vol. 121. p. 618 (1928). 
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lines are emitted, and at least about 3 minutes m rcjufions where the red lines, 
X == 6583 * 6 and X = 6548 • 1 , are emitted 

(3) In the case of novae exhibiting the Ng lines m their spectra, the mean 
time between collisions should lx* about 26 seconds in the region where these 
lines are emitted at the moment the lines first appear strongly marked. 

(4) All m all, this paper, as far as it goes, confirms Bowen’s hypothesis 
concerning the origin of certain of the nebular lines, and the further assumption 
that these Imes are due to quadripole radiation The final step m the con- 
firmation would be the production of thew‘ lines m the laboratory if it should 
become possible to reproduce m some degree the nebular conditions (as has 
already been done in the ease of the O 1 nebular lines by Hopfield, loc, at.). 

In conclusion, I should like to express my warm thanks to Mr. Fowler for 
Ins interest in this work, and his helpful advice ; also to Professor Hartree for 
supplying me with the numerical data for the radial wave-functions for . 


The Diffraction of Elastic Waves at the Boundaries of a Solid Layer, 

By J. H, Jones, Ph.D., Chief Geophysicist, Auglo-Persian Oil Co , Ltd. 

(Communicated by 0 W. Richardson, F R 8.— Received February 25, 1932 ) 

[Platks 16 and 17 ] 

1. Introduction. 

When a disturbance occurs near the free surface of a solid medium or near 
the interface of two solid media, many remarkable effects arise from imperfect 
reflection and refraction due to the curvature of the elastic wave-fronts. In 
the case of a solid w'lth a free surface, Lord Rayleigh predicted the existence 
ot surface waves travelhng with a velocity lower than that of the distortional 
waves. These waves are usually very pronounced on eartliquake records. 

It has been demonstrated by Nakano that a large percentage of the energy 
of an earthquake will appear in the Rayleigh waves if the focus is near the 
surface, and conversely, for a very deep focus there will be little or no energy 
in these waves. Another kind of surface wave was discovered by Love. This 
wave exists when a layer of finite thickness rests on a deep solid layer and when 
the velocity of the distortional wave in the upper layer is less than that in the 
lower layer. 
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An effect of a different imd was observed by A. Mohorovicic m the records 
of near earthquakes. He found two distinct conipressional and distortional 
wave pulses m the records. Mohorovicic Hocountod for the four pulses by 
assuming that the focus was in an upper layer of the crust and that one pair 
of waves had travelled directly along this layer, and tliat the other pair had 
been refracted into a deeper layer, and after travelling a certain distance along 
this layer, had been refraeted to the surface again. 

Later, other wav(*s w^ere discovered which indicate a still deeper layer in 
the eaith’s crust. The depths of these layers have been estimated from the 
time of travel of the wavi's. The same principles have been applied with 
success to the smaller scale problem of determining the depths of sedimentary 
formations close to the eartli's surface. For this purpose, the disturbance is 
set up artificially with an explosion of a charge of gelignite or dynamite buried 
m the ground, and the earth moviunerits are recorded by special types of 
portable seismographs. 

In the spring of 1930, the geophysical staff of the Anglo-Persian Oil Company 
carried out an experimental seismic survey of the Masjid-i-Sulaiman oilfield 
in Soutli Persia, in order to test the seisnuc method for determinmg the depth 
of a hard limestone bed which forms the oil reservoir. It will be shown in tins 
paper that several diffracted wave pulses are formed at the upper and lower 
boundaries of the layer, and that the depth and thickness of the layer ran be 
estimated from the velocities and the tunes of travel of these pulses. 

2. Diffraction Effects in a Soud Layer embedded in a Medium 
POSSESSING Lower Elastic Wave Velocities. 

Suppose that the solid layer, which has two parallel surfaces at a distance 
d apart, lies honzontally at a depth h in the other medium. Let and Vj' 
represent the velocities of the compressional and distortional waves in the 
surrounding medium, and Vg and Vg', the corresponding velocities in the 
solid layer. 

Rcfemng to the diagram, fig. 1, aa\ W arc the two boundaries of the layer, 
and 0 represents the position of the explosion near the surface of the ground. 

Upper Boundary Wave. 

Consider the compressional wave pulse which leaves the explosion point 0 
and falls on the surface of the solid layer at A, so that OA makes an angle 
0j = sin"^ Vj/Vg with the normal at A. 
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Accordiag to the laws of geomotncal o^^tics there would he no energy trans- 
ported along the surface aa when a plane wave falls on the surface at the critical 
angle Oj ; the bulk of the energy would be reflected back to the original medium 
along AO' But when tlic wavt'-length is comparable to the radius of curvature 
of the wave-front, as is tlu‘ case in our problem, it appears that the energy 
actually travels along fho ixnmdary aa\ and is scattered back to the original 
medium along the paths A'C', A"(^", etc , winch make the same angle with 
the normal to the surface of the solid layer A simplified form of the problem 
has been studied theoretically by .lefiroys * Ho has considered the case of 
two compressible but non-ngid media, the lower medium transmitting the 
compressioiml wave with the greater velocity. 



The most important result from the practical pomt of view derived by 
Jeffreys in his paper, refers to the time of travel of the indirect W'avc in the 
lower layer. He has shown that the ordinal y law of refraction gives the 
correct time of trav^cL In other words, the time of travel of the diffracted 
wuv^e from 0 to C', fig. 1, is given liy, 




OA , AA' , A'C' 

v;’*' 


( 1 ) 


The time Iq can be expressed in terms of the depth li of the upper surface of the 
layer and the distance OC'. The expression is 


^ L -f- ti// cot Oj 

^0 V 

^2 


( 2 ) 


The depth h can be determined by means of tins relation when the velocities 
Vj and Vj are known. 

The usual method, however, of finding h is to find the distance on the 
time distance graph at which the time along the indirect path is the same as 


* * Proc. Camb. Phil. Soc.,’ vol. 23, p. 472 (1927). 
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that along the direct path from 0 to C'. The time along the direct path is 
Lj/Vj so that the condition for equality is 


which gives 


Li Li 2 h cot 0i 
V3 ’ 



1 — Bin 
cos 0i 


( 3 ) 


Consider the two adjacent paths A'C', A"C", fig. 1. The difference in the 
times of arrival at C' and C" is merely due to the extra length A' A" of the 
horizontal path in the solid layer. Thus the observed velocity of the indirect 
wave IS 


C'C" A' A" 


(At 18 the small difference m the times of arrival at C' and C"). If the solid 
layer is inclmed at an angle <f> to the horizontal, it can be readily shown that 
the apparent velocity observed on the surface is given by 

At sm (Oi ± ' 

The negative sign for <f> refers to the w^ave travelling up the slope and vwe 
versa Thus the apparent velocity of the indirect wave will be greater than 
the true speed of the compressional wave m the solid layer if the wave is 
travelling up the slope, and smaller than the true value if travelling down the 
slope of the upper siiTfacs*. 

Lower Bourdanj Wave, 

When a eompressional wave pulse falls on the surface aa' at the critical 
angle Oj, it will give rise to a distortional pulse So m the solid layer, which 
travels in the direction making an angle Og normal. This angle O3 

16 given by sin Oj = sm Oj Vj/Vj, where V2' is the velocity of the distortional 
wave in the solid layer. But sm = Vj/V2, so that sin 63 == Thus 

the distortional pulse falls on the lower boundary of the solid layer at the 
appropnate angle to form a reflected compressional pulse which travels along 
this boundary with the velocity of the compressional wave. 

Owing to the curvature of the wave-front, it appears that a considerable 
proportion of the energy of the incident distortional pulse is transmitted 
along the lower boundary us a diffracted compressional wave pulse. Nakano* 

♦ Nakano, ‘ Japanese J. Aistr. A Geophs.,’ vo). 2, p. 233 (1025). 
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bas investigated theoretically the problem of the reflection of a distortional 
wave at a free surface, and he has shown that a compressional wave is formed 
at the free surface in addition to the Rayleigh wave. Nakano has also shown 
that the percentage of energy in these waves depends on the depth of the 
focus and the curvature of the wave-front of the primary distortional wave. 

The diffracted corapreshionnl wave travelling along the lower boundary of 
the solid layer is similar m type to that discussed by Nakano It is also similar 
to the wave formed at the interface of the granitic and sedimentary layers 
and observed at stations near the epicentre of on earthquake.* 

Each point on the lower lioundary of the solid layer will become the source 
of small secondary distortional pulses, some of which leave the surface at the 
critical angle O2 and again strike the upper boundary and are transmitted into 
the upper m(‘dium and rc'aeh the surface. 

For example, a small pulse leaves the lower boundary at B', strikes the upper 
boundary at A', and travels to the surface as a compressional pulse along the 
path A'iY, Part* of the energy of the distortional pulse arriving at A' will 
follow a distortional wave path m the upper medium, but this arrives later 
than the compressional pulse and need not be considered at present. 

Referring to fig. 1, the time path of the lower boundary wave is OABB'A'C', 
and the time from 0 to C' is 

, OA + AXr , AB + B'A' , BB' 

*2 V v ' V ’ 

V, V 2 » 2 

which can be written in the form 


L ^ 2fn oi Oj , 2d cot 0., 
'*"^2 V, '• 

The time of the upper houndary wave has betsi shown to be 

, L , 2// rot 0, 

® Vs 

80 that 

, 2deot0j 

^2 * *0 V * 

’a 


(4) 


(5) 


This expression can be used to calculate the thickness of the solid layer. 

Besides the pulse travelling along the path OABB A (/ , there is an infinite 
number of other minute pulses which arrive simultaneously at the point O'. 
Thus consider the distortional pulse leaving the boundary at e and falling on 


* H. Jeffreys, " The Earth,” find od., p.' 100. 
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the upper boundary at /, where it forms a comprcssionul pulse travelling along 
the upper face to A' and finally along A'C' to tlic Rurface. The complete 
time-path of this pulse is OABe/A'C', and the tune of travel is given by (4) 
above. Again, coasider the diffracted wave formed at the upper boundary. 
Each point on this surface is the ongm of secondary distortional pulses travel- 
ling across the solid layer. 

For example, a distortional pulse leaves the upper surface at / and falls on 
the lower boundary at g, travels along //B' as a compressional pulse, and along 
B'A' as a distortional pulse The complete path of this pulse is OA/zB'A'f’', 
and the time of travel is again given by (4). 

It Will be seen that all the pulses have crossed the solid layer twice with tlu' 
velocity of the distortional wave, and have travelh‘d partly along the lower and 
paitly along the upper boundary of the layer with the velocity of the com- 
pressional wave. 

It IS clear that this secondary diffracted wave, being the resultant of an 
infinite number of minute pulses, will be strongei than the primary diffracted 
wave formed at the upper boundary. It will also niaintam its energy better 
than the primary wave as the number of re-mforcements increases as the 
distance OC' mcreasos. 


Internal Refiechon^ 


The next pulse aruving at the surface will have suffered reflection either at 
tlie upper or lower face of the solid layer. 

TMt'mng to fig 1, the complete path of the const ituent.s of this pulse will be 
similar to OABc/yB'A'C^ and OAfghkW All tliese pulses have crossed 
the solid layer four times and they will arrive simultaneously at C\ 

The time of travel is 


so that 



2h cot G| 
V. 


+ 


id cot Og 

Vi 


(6) 


. , _ 2d cot 

U-tz 


(5) 


This pulse will bo followed by one which has crossed the solid layer six times 
and the time of travel will be. 



2h cot 6i I 6rf cot Oj 

V, 


( 6 ) 


Thus the first part of the seismogram will consist of a comparatively weak 
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pulse formed at the upper boundary of the layer, and tluh will ho followed by 
a strong second arrival at an interval of time, 


'2 




2 d cot O2 

V. 


and by other pulses at the same interv'al. For convenience of reference to 
the various pulses, the upper boundary pulse will be called the aQ pulse, the 
pulse which has travelled twice across the layiT will be referred to as a2, and 
the pulse which has crossed four times will be a4, etc 
Intennediaie Pulses — There will be intermediate pulses formed by simple 
reflection at the lower boundary of the layer. The mode of formation of these 
pulses is illustrated iii fig, 2 


O C* C" 



A compression al wave pulse, leaMiig the focus at (), falls on the surface oa' 
at an angle 0/, smaller than the critical angle 0^ m fig 1, and the distortional 
pulse Sg IS formed by refraction. The mcidenie of tins pulse on the lower 
boundary at an angle 0^', smaller than the critical value 63 f > produces 

a compressional pulse travelling along BA' and A'C'. The complete path of 
this pulse IS OABA'C'. 

When the distance OC' is larg<‘ compared to d, the time along this path 
approximates to 

, L , 2Acot 0 i deot O2 

vr+“ 

The next pulse of thus group will follow the path ()ABc/\"C", and the time of 
travel will approximate to 

, L , 2 h cot 6. , lid cot 0 , /q\ 

vT' 

These pulses are referred to as a^, aj, etc. 

Another complete series of pulses will be derived from Hie primary com- 
pressional pulse leaving the focus at 0 . These pulses will differ from the a 
pulses only in respect of the final part of the path across the overburden. 
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In this series, which may be referred to as the P series, the path A'C', figs. 1 
and 2, will lie distortional. There will be similar effects resulting from the 
primary distortional wave A diffracted distortional wave will be formed at 
the upper boundary of the solid layer, and there will be pulses corresponding 
to ai, a 2 , etc., with the path in the overburden entirely distortional. 


3. Experimental Investigation into the Diffraction Prefects at the 
Boundaries of a Solid Layer. 

The limestone bed at Masjid-i>Sulaiman is several hundred feet thick and 
is covered by rocks composed of gypsum, salt, shales and sandstones. Below 
the limestone is a medium consisting chiefly of shales and marls. The elastic 
wave velocities in the limestone are appreciably higher than those in the media 
above and below, so that the physical conditions are similar to those discussed 
above. The underground conditions at this oilfield are known in great detail 
as the whole area has been carefully explored with the drill. 

This knowledge was extremely useful in connection with the interpretation 
of the results 


T/mj Survey LisU undents, 

(а) The Seismograph — Early in 1929, the writer developed a portable 
seismograph for geophysical prospecting, a detailed account of which has 
recently ln-en published.* 

(б) The Vibrati4)n Galmuometer . — The time of explosion and other synchro- 
nising signals are recorded by a special type of vibration galvanometer in 
conjunction with transmitting and receiving windess outfits. 

The vibration galvanometer is similar m principle to the device for controlling 
the zero position of the seismograph It consists of a small cobalt steel magnet 
fitted with soft iron pole pieces about 3 mm. apart. Two magnetising coils 
are fitted on the pole pieces and connected together so that the magnetising 
actions are opposing each other. The effect of a small current flowing through 
the coils is to distort tho magnetic lines of force outside the gap. A small soft 
iron element suspended in this field by a phosphor bronze strip will respond to 
the variations in the current flow through the coils. 

(e) The Recording Camera , — The recording camera consists of a clockwork 
arrangement for driving the photographic paper at a uniform rate past a 


* * J. Hci. Instr.,* vol. 0, p. 8 (1932). 
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narrow slit. A small time-marking pendulum fixed inside the camera inter- 
cepts a narrow beam of light falling on the photographic paper so that an 
accurate time-scale is recorded on each seismogram. 


The Method of Invesiujation. 

The observation lines were arranged in most cases to run parallel to the long 
axis of the structure, and full use was made of the accurate underground con- 
tour map of the oilfield for this purpose. The seismograph stations were 
located at about 1000 feet intervals and on a line passing through the explosion 
point. The time of trav(‘l of the waves was measured to an accuracy of 0*005 
second. At stations close to the explosion point the first pulse will have 
travelled directly through the uppcT medium, but at tlio more distant stations, 
the mdir<*ct wave will arrive earlier on a(*.count of the greater speed in the 
liard limestone layer. 

There will be a discontinuity in the time curve at the point where the time 
along the indirect path is the same as that along the direct path in the upi>er 
medium. Thus m fig. 3, the line ()A(J is the graph of the times of arrival of 
the direct wave in the upper medium, and the slope of this line gives the 
velocity of the compresj-ional wave in this mediuTU. 


C 



At a certain distance from the explosion point, the indirect wave begms to 
appear before the direct wave On tlio graph, the portion AB of the t.ime- 
curve gives the apparent velocity in the second medium. This will 
be identical with the velocity of the comprcssional wave in the second medium 
if the interface is horizontal. In general, if the interface is not horizontal, it 
18 necessary to observe the apparent speed of the wave travelling m the reverse 
direction to get the true speed of the compressional wave in the covered medium. 
The true speed of the indirect wave V2, and the inclination <ff of the layer, 
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can be calculated from the observed apparent velocities and Vj" and the 
velocity Vj in the upper medium, usmg the relations 

V ' t= ^2 ^ 1 

® sin (0i + (f>) sm (0i + <f>) 

V " = ^2 _ ^1 / 9 \ 

* sm (01 — <f>) Hin (02 — (f>) ’ 


The angles 0^ and <f> can be deduced from (8) and ( 9 ) and V2 (*an then be detei- 
mmed from the relation, V2 ™ Vj/sin 0 |. 

So far the simple case of a single medium overlying the solid layer has been 
considered, but in practice the overburden may be composed of two, three or 
more layers with different elastic wave velocities. 

Consider the general ease of several parallel strata overlying the limestone 
layer, fig 4 . All the layers are inclined at a small angle tf> to the horizontal, 
and the elastic wave velocities are Vj, Vj, Vg, V4 and represents tho velocity 



Fig. 4. 


in the limestone layer. The thicknesses of the various beds arc Ag, /«3, A4, 
and p denotes the thickness of the upper medium at the explosion point 
The minimum time paths of the olq and aj pulses are shown m the diagram ; 
the angles 0j, 0o, etc., arc given by sui0i=VJ\\, sin02 = V2/VL, etc. 
The time Iq from 0 to I can be written in tlie form 


= ^ 1 e, | 


Vr. 


m 


where is the apparent velocity of the oLq pulse. Similarly the time 
of the a, pulse will be given by 


+ |-S2Acot 01 + #- + 


where 0' is given by sm 0' = 


V 
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In the following pages, attention will be confined chiefly to the important a 
pulses, as these appear first on the seismograms, and their identification is 
comparatively easy. 

For the study of the diffraction effects, the traverse lines were arranged 
with the aid of the underground contour map to avoid large curvatures and 
inclinations of the surface of the limestone. 

Observations were made on several traverse hues tnit in this paper only 
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three of these are considered. The tirae-distance graph for one of these 
travera(‘8 is shown in fig 5. 

It will be seen from the time-curve that the overburden is composed of two 
media with elastic wave velocities of 12,481) feet per second and 16,040 feet 
jier second respectively. 

The limestone pulses begin to appear clearly on the seismograms at about 
17,000 feet from the explosion point. The upper boundary pulse (ao) appears 
as a first arrival at this distance but disappears again beyond 20,400 feet. 
The speed of this pulse is 16,880 feet per second. The average depth of the 
surface of the limestone has been calculated from the position of the two 
disoontmmties at and Lj, and the values of the velocities through the over- 
burden and along the upp<*r surface of the limestone layer. This calculation 
is given in detail below. 

Both the a 2 and pulses are very pronounced on the seismograms obtained 
on this traverse Ime. It will bo seen that the velocity of those pulses is con- 
siderably higher than that of the olq pulse. 

The higher velocity of the lower boundary pulses is shown m a striking manner 
on the actual seismograms reproduced in fig. 6, Plate 16. The distance of the 



336 


J. H. Jones. 


position of observation is indicated on each record and the three important 
pulses oiQy 0,2 and ol^ are marked. 

Tlie seismograms show the pulse gradually ovcrtakmg the ag pulse, on 
account of the greater velocity of the former, and at a distance of 21,400 feet, 
the ag IS the first arrival on the record This difference in the speeds along the 
upper and lower boundaries of the limestone layi^r has been observed on most 
of the traverses at the Masjid-i-Sulaiman oilfield, although the difference is 
much more pronounced m some parts of the field than in others. The lower 
velocity along the upper boundarj is undoubtedly closely connected with 
the porosity and fissuring of the upper part of the limestone layer. It has 
been found that the variation in the velocity of the olq pulse is intimately 
connected witli the oil productivity in different parts of the field ; the velocity 
IS lowest in the an'a of greatest productivity. On the other hand the velocity 
of the lower boundary pulses is remarkably constant over the whole oilfield, 
thus indicating uniform conditions at the base of the limestone layer. The 
velocity of the compressional wave pulses along the lower boundary is close 
on 20,0(MJ feet per second, whereas the velocity of the upper boundary pulse 
vanes from 19,200 feet per second to 15,800 feet per second. 

A difference m the velocity along the upper and lower boundary will have 
considerable effect on the strength of some of the a pulses. 

For example, the aj pulse which is compounded of minute pulses which have 
travelled partly along the lower and partly along the upper boundary, will 
not maintain its strength at the distant stations if there is a difference m the 
velocities along the two boundaries. On the other hand, the ol^ pulse will not 
be affected by the velocity difference as most of the pulses of which this is 
composed will arrive simultaneously at the surface. Consequently when 
there 18 a difference in the velocities of the elastic waves along the upper and 
lower boundaries of the limestone layer, the pulse would be expected to be 
stronger than ag at long distances from the explosion point. This has been 
found to be the case on several traverses surveyed over the great producing 
areas at Masjid-i-Sulaiman. 

The varying velocity in the limestone layer will introduce slight modifica- 
tions in the expression for the time of the a pulses. The time /g of the ag pulse 
will now be given by 


L 


2 


V „ 


2peot 0i 


where is the true speed of the compreasionai wave along the upper boundary 
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and 18 the apparent velocity observed on the surface. Similarly the time 
of the aj pulse will be given by 





2p cot 0i 

V. 


+ ^ 2h cot 0 + 



cot 0 dfh 


The integral term represents the time of travel of the distort lonal pulse across 
the limestone layer and it replaces the term 2d cot 0/V,^ wliicli holds when the 
speed IS constant throughout the limestone lied. Th(* integral can be <*valuated 
when the law of variation of velocity in the limestone layer is known Actually, 
only the velocities along the upper and lower boundaries can be determined 
experimentally, and it is necessary to make some assumption regarding the 
variation of the velocity arros.s the layei The velocity at a depth h m the 
layer is assumed to be given by 

’ /l *14*- > 


also by the law of refraction, 
Thus the integral 


Sin 6 


Vt, 


f* 0 

1 rot 0 dh — 

Jo oV,, 


‘^1 

0. 


cot^ 0 r/0 


2d (cot O2 O3) 2d (O3 — 62) 
VLlogV,7V„ VJogVr./V. 


The angles Oj and O3 can be determined when the velocities are known, and the 
integral term can be (waluated in terms of d 

The average depth of the upper surface of the layer can be calculated from 
the time-curve, fig, 5. Th<* thickness of the upper layer m the overburden 
can be obtained from the position of the discontinuity L, at 4880 feet. This 
thickness is given by 


'1 ~ 

2 ci>s e 


Substituting Li = 4880 feet, sin ^ Vi/Vg ^ 0 78, we get p -- 850 feet. 

The average depth of the upper face of the limestone layer can be deduced 
from the position of the second discontinuity at 17,000 feet. 

The general relation is 

V 4- h ^ J — am (0^ j: <l>) __ AL,^ * 

^ * cot 0x 2 cos 01 2 cos 0^ 

In the calculation we shall neglect the small angle <f>. The angle 0^ is given by 
sin OjL = Vi/V„ =0-74, so that cot 0^ ^ 0-907. Also sm 0^ = Vg/ V„ ^0*95. 


* This relation can be deduced by equating the time given by equation (10) above to 
L, — ALj/Vj, where AL| =« ab in fig. 5. 



338 


J. H. Jones. 


and cot 63 = 0*327. Substituting the value oi Lg and AL 2 , we get A 2 = 1250 
feet. Thus the average depth of the upper face of the layer is + ^2 = 2100 
feet. 

Cnlrulalion of the Thwkttess of the Layer, 

There are several methods of obtaining the thickness of the limestone layer. 
The most direct method is to calculate the thickness from the time interval 
(^4 “ ^ 2 )* using the relation 

^4 ^2 ® 

J« 


2d (cot 02 “ Os) 2 d {O 3 — 62 ). 
V,,logVJV„ VJogVJV/ 


Substituting V„ - 10,880 feet per second, V,^ 20,000 feet per second and 

the values of Oj, O 3 , etc., the value of d is given hy 

1*605, = 0*130 
or 

d = 810 feet. 

Another value of the thu’kness can de deduced from the time of the aj pulse, 
assuming the depth of the layer calculated from the olq pulse. 

The time is given by 

<3 = ^ 2 2 A cot 6 + ^ [ cot 6 (Ih. 

At L 24,000 feet, <3 1*580 seconds 


Thus 


=- 1 • 210 seconds, -1 S 2A cot 0 = 0 • 199. 

^ [‘cot OdA = 0*171, 

Vl Jo 


which gives d = 1060 feet. The difference in the two values for the thickness 
of the layer is not surprising in view of the assumption made regarding the 
variation of the velocity within the layer. Further, some error will be intro- 
duced by neglecting the small angle of inclination of the layer. The average 
thickness of the limestone layer determined by the drill is about 900 feet, so 
that the above determinations are in fair agreement with this figure. 
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Another time-distance graph is shown in fig. 7. 

This tiaveise was located close to one of the greatest producing regions of 
the oilfields. 

The aQ pulse appears as a first arrival on the seismograms at about 10,000 
feet from the explosion point and its velocity is about 16,840 feet per second. 
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The pulse disappears at 17,000 feet. The lowwelocity of this pulse is quite 
consistent with the considerable degree of porosity and fisauring that must 
exist in this area of prolific oil production. The lower boundary pulse has a 
velocity of 20,600 feet per second. This is probably slightly higher than the 
true speed on account of a gradual rise in the layer along this traverse line. 
The highest point of the layer is reached at about 19,000 feet from the explosion 
point, and beyond this point the surface of the layer gradually falls again. 
This fall in the surface is the cause of the apparent low velocity of 18,000 feet 
per second at the end of the line. Some of the seismograms obtained on this 
traverse are shown in fig. 8, Plate 17. They show very clearly the higher speed 
and the greater strength of the lower boundary pulses. It will bo observed 
that the high speed pulse has been marked <x^ on the graph. This is indicated 
by the calculation of the thickness of the limestone layer which is given below. 
It is possible that the a 2 pulse is too weak to show on the records on account 
of the large difierence in the velocities along the upper and lower boundaries. 


Cahidation of the Depth and Thickness of the Layer, 

ABSuming Vi = 13,480 feet per second, Vj = 15,840 feet per second and 
Lj =s= 9700 feet, the average depth of the upper boundary of the layer reduces 
to 1380 feet. This is in good agreement with the average known depth in the 
area. We have again neglected the small inclination of the surface. The 

2 A 
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thickness of the layer can be deduced from the time of arrival of the a4 pulse, 
assuming the depth given above. 

S 2A cot 6 + [ cot 6 dA. 

/La Vl Jo 

At L = 16,000 feet, ^4 = 1 • 188 seconds 

0-776, ^ S 2/i fot 0 = 0-122, 

SO that 

^ r cot = 0-290, 

which gives 

d = 860 feet. 

The value of has been taken to be 20,000 feet per second which is the mean 
of all determinations at the oilfield. 

About 30 miles soutli-east of the oilfield, the limestone layer outcrops at 
the surface and forms the cov(*r of an enormous mountain, reaching a height 
of 4700 feet above sea level. 

A line was surveyed at the foot of this mountain for the purpose of checking 
the clastic wave velocities observed at the oilfield. All the observation stations 
and the explosion point were located on the surface of the limestone layer. 

The time-distance graph is shown m fig. 9, and it will bo observed that there 
are two different pulses plotted on the first part of the graph. 
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The first pulse with the velocity of about 15,360 feet per second has travelled 
along the surface of the limestone layer, and corresponds to the a® pulse detected 
at the Masjid-i-Sulaiman oilfield. The velocity is slightly less than the lowest 
value observed at the oilfield. This pulse was not detected beyond 8400 feet 
from the explosion pomt. The graph of this pulse does not pass through the 
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origin. This effect which is sometimes referred to as the “ delay in starting 
is probably caused by a very loose layer lying over the solid limestone and 
which transmits the disturbance with a very low velocity. 

The second pulse plotted on the graph, becomes a first arrival at 8400 feet, 
and has a velocity of 18,500 feet per second. This corresponds to one of the 
lower boundary pulses detected at Masjid-i-Sulaiman. Owing to weathering 
and other actions, a considerable thickness of the limestone layer has been 
eroded from the base of the mountain and the actual thickness of the layer 
under the traverse line was between 400 and 500 feet. This thickness can be 
estimated from the times of arrival of the two pulses. 


0 C' 



Fio. 10. 


In the diagram, fig. 10, aa\ bb\ represent the upper and lower boundaries of 
the layer with a very loose layer above. 

The path of the pulse is OAA'C'. 

Let OC' = AA' (approx ) = L, so that 

where A is the time along the paths OA and A'C' in the thm cover. Again 

V|^Jo 

Tha» 

Expressing the integral in terms of d we get, 

1-806 10'M = («2 — g + 0-110 LW. 

At L = 6000 feet, — = 0-086 second, so that 

d = 840 feet. 

This is approximately twice the known thickness of the layer, so that the high 
speed pulse must be assumed to be a 4 , and the thickness now reduces to 420 


2 A 2 
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feet. This result is quite consistent with the facts established at the oilfield, 
where it was found that the first strong high speed pulse was nearly always 

in those areas where the upper part of the layer would be expected to be 
considerably fractured. We can also deduce the thickness directly from the 
time of amval of the iiulae. 

^4 — ^ ^ +■ 4" f cot 6 dA, 

Vi^Jo 

which reduces to 

3-612 . IMd = (/. - A) - i . 

At L = 22,000 feet, 

«.-A = 1-342, ^ = 1-189, 

Vl 

so that d = 426 foot, which is an excellent agreement with the previous 
determination. 

Summary and Conclusiom. 

An account has been given of an experimental investigation into the diffrac- 
tion of elastic waves at the boimdarics of a limestone layer, embedded in a 
medium possessing lower elastic wave velocities. 

Several diffraction pulses have been observed at the surface. The first of 
these pulses has travelled along the upper boundary of the layer with the speed 
of the comprcssional wave. This pulse is invariably weak and cannot be 
detected at the distant stations. Further, tlic speed of this pulse vanes over 
a wide limit at the oilfield, and there appears to be an intimate connection 
between this speed and the degree of fissunng m the upper part of the limestone 
layer. 

Several otlier pulses have boon discovered which have a higher and more 
constant velocity, and possess greater energy at the distant stations. 

The writer has advanced the view that these are formed by tlie critical 
reflection of distortional pulses at the lower boundary. The distortional pulses 
are transformed at reflection to compressional pulses travellmg along the lower 
boundary. Some of the distortional pulses will be internally reflected withm 
the limestone layer before being transformed at the lower boundary, and will 
arrive later at the surface. The time interval between the amval of the 
successive pulses depends on the thickness of the layer and on the velocity of 
the distortional pulses across the layer. It is assumed that the higher speed of 
these pulses is the result of greater compactness at the base of the limestone 
layer. In this connection it is interesting to record that in one area of the 
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Ma»iid-i-Sulaimaii oilfield, where the upper part of the limestone layer is known 
from drilling records to be very compact, the velocity of the upper boundary 
wave was observed to be close to that travelling along the lower boundary. 

The greatest diffenmee in the velocity was observed in the great producing 
regions. 

In conclusion the writer takes this opportmiity to express his appreciation of 
the interest taken in this work by Sir John Cadman, G.C.M.G., D Sc., and 
Mr. J. Jameson, C.B.E. He also wishes to acknowledge his indebtedness to 
his colleagues on the geophysical staff of the Anglo-Persian Oil Company for 
their valuable assistance, and to Professor A 0. Rankine, O.B E., D Sc., and 
Dr. Harold Jeffreys, P R S , for the benefit of Iheir views on this subject. 


The Velocity of (^orrosion from- the Electrochemical StandpomL 

Part II. 

By U. K Evans and T P. Hoar. 

((\)mrmmicated by Sir Harold Carpenter F R.S — Received February 26, 1932.) 

In Part I of this series of papers,* an elect roclicmical survey was made of 
those types of corrosion, where large distinct anodic and cathodic areas are 
met wnth Mcasurenienls showed that the corrosion produced was equivalent 
to the eli‘ctric current flowing, whilst potent lal movements suggested that this 
current was largely controlled by polarisation at the cathodic areas Cathodic 
polarisation curves were obtamed by means of a cell fitted with a platinum 
anode, this material being chosen m order to avoid complications due to the 
destruction of the cathodically produced alkali by metallic salts from the 
anode ; the character of these curves suggested the principle govemmg 
the ratio of the cathodic and anodic ari‘as on a corroding specimen. 

Papers expressing views consonant with those of the authors have been 
published by Herzog and Chaudron,t Endo and Kanazawa, t and by Forrest, 

* ‘ Proc. Roy. Soc.,’ A. vol. 131, p. 367 (1931). 

t ‘ Kor. Met. Sohutz ,* vol. 6, p. 171 (1930) , ‘ C. R. Aoad. Sci. Pans,’ vol 192, p 837 
(1931), vol 193, p. 587 (1931) ; ‘ Bull. Soc. chim.,’ vol. 49, p. 702 (1931). 

t ‘ Sci. Rep , Tohoku, Univ.* vol. 19, p. 426 (1930). 
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Roetheli, Brown and Cox,* * * § whilst divergent opinions have been expressed by 
Bengough, Lee and Wormwell,t and by Liebrcich.t Bengough’a objections 
are dealt with elsewhere,§ whilst Liebreicli’s attitude has been criticised 
by Werner and Baisch,|| by Cassol and Erdey-Gruz^ and by Schikorr.** 
laebreich's contention that the distribution of corrosion is the same in presence 
and absence of oxygen has been examined experimentally in this laboratory 
by C. W. Borgmann, and found to be quite untrue. 

The present paper describes a series of measurements of corrosion velocity 
carried out on vertical specimens of iron and steel m solutions of potassium 
chloride, sodium chloride, sodium sulphate, lithium chloride and potassium 
sulphate , in potassium chloride, simultaneous mc^asunjments have been made 
of the potential on the anodic and cathodic zones 

Matenah , — The pure vacuum-fused electrolytic iron foil (E 30 and E 31) 
and the steel foil (H 28 and H 30) were very kindly prepared by Dr. W. H. 
Hatfield. Pure iron produced thermally (Q 2), was purchased from Messrs. 
Griffin and Tatlock Analyses are given in Table I 


Table I. 



Electrolytic 
Iron E 30 

Electrolytic 
Inm E 31. 

Steel 

H28. 

Stool 

U30. 

Iron 

0 2. 

Carbon 

0 04 

0 03 

0 26 

0 34 

0 030 

Manganese 

0 02 

Trace 

0*67 

0-64 

0 021 

Silioon 

0 015 

0 015 

0 in 

0 20 

0 017 

Sulphur 

0 013 

0 on 

0 014 

0 026 

0 018 

Phosphorus 

0 021 

0 021 

0 018 

0 027 

0 006 

Nickel 

Nil 

— 


0 13 


Chromium 

Nil I 

-*• 

— 

Nil 


Thiokness 

0 028 cm 

0 028 cm. 

0 034 cm. 

0 031 cm. 

0 021 cm. 


The metal was cut into specimens G*5 x 2*5 cm., and abraded 24 hours 
before the experiments. Materials E30, E 31, H28 and H30 were ground 
with French emery No. 1, and G 2 with No. 3 emery. The specimens were 
twice washed with carbon tetrachloride. 

• ‘ J. Ind Eng. Chem.,* vol. 23, pp. 650, 1010, 1012, 1084 (1931). 

t ‘ Proc. Roy. Soc.,* A, vol. 131, p. 494 (1931), vol 134, p. 308 (1931). 

t ‘ Z. phys. Chem A, vol. 165, p, 123 (1931). 

§ * Trans. Eleotroohom. Soc.’ (tn the prees). 

II ‘ Verein deuts. Ing.’ CilemeinschaftHtagung (1931) 

If phys. Chem./ A, voL 166, p. 317 (1931). See also reply by E. Liebreioh, * Z. 
phys. Chem / A, vol. 166. p. 319 (1931). 

*• ‘ Z phys. Chem.* (m the press). 
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Procedure , — The method was an improvement of that previously used,* 
the specimens being clamped vertically in beakers, with immersed area 
3*6 X 2 '6 cm. ; the beakers were placed in larger vessels containing acid- 
free air, which were arranged m a special thermostatf with precautions against 
vibration; the experimental temperature was normally 20*0° C ^0*06°, 
and the initial pressure 720 mm. of mercury. Preliminary experiments on 
the effect of vibration, carbon dioxide and oxygen-uptake were carried out 
to check the conditions. 

In the absence of convection currents and vibration, the boundary of the 
attacked area was found, at moderate concentrations, to be sharp and hor%- 
zontalf fig. 1 (a). The unattacked (cathodic) area, U, was above, in the part 



Fro. 1 — Distribution of corrosion, a, " Ideal ” distribution m potassium chloride. 6, 
Distribution in potassium chloride on specimen with central woak-point. c, “ Ideal " 
distribution in sodium or potassium sulphate, 

most accessible to oxygen ; here the metal remained quite unchanged, being 
indistinguishable in fact from the unwetted area beyond the water-line The 
etched, anodic area, A, was below, with two deeply etched wings (W and W'), 
due to the descent of corrosion-products from weak pomts ” situated on the 

** J. Chem. Soc.,’ p. 119 (1929). 

t * J. Soc. Chem. Ind.,' vol. 40, pp. 66, 245 (1931). This thermostat also embodies certain 
features incorporated in other air-thermoatats provioosly erected elsewhere, including that 
of W. H. J. Vernon, ‘ Trans. Faraday Soc.,’ vol, 27, p. 241 (1931). 
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cut edges, the products cutting off oxygen from the metal thus blanketed * 
Above the etched area, a narrow band of interference tints, B, occasionally 
appeared. This “ ideal ” arrangement of the distribution of corrosion was 
obtained between 0*001 N and 1*0 N concentrations of potassium chlondc ; 
m more dilute and more concentrated solutions, the boundary was less nearly 
honzontal. 

Occasionally a specimen also showed the development of corrosion at one 
of the “ central weak points roh^rred to in a previous paper! ; the nist 
descending from such a weak point produced an arch-shaped area, fig 1 (6), and 
over the area thus blanketed marked etching occurred In spite of this fact, 
these exceptional specimens showed almost the same corrosion-velocity as 
those which gave no streaming from central points. 

The amount of corrosion was dotiTmmed by loss of weight, tlu* corrosion- 
product being removed by cathodic treatment m citric acid (12*5 grammes per 
litre), at 0*02 amperes per specimen. Blank specimens subjected to this 
treatment showed a loss of weight loss Ihdn 0*1 mg. 

Altogether, the corrosion of 607 specimens was measured in the course of the 
work. In most (;ascs the experiments were earned out in triplicate. On 
materials G 2, E 150, Edl, and H 28, the '‘scatter” was usually less than 
3 per cent, from the mean ; steel II 30 gave a worse reproducibility, and was 
only used m the early senes. 

A few experiments were carried out by mcasurmg the amount of oxygen 
absorbed during corrosion, by a modification of Bengough’s method, the small 
hydrogen-evolution being also obtamed The apparatus is shown in fig. 2. 
The movement of the mercury index during corrosion showed the volume- 
chang(*8 ; the changes at constant pressure were easily calculated. The amount 
of ferrous iron present in the corrosion-produ(!t was estimated with ceric 
sulphate, and the total iron by the weight loss of the specimen A corre^ction 
for the initial amount of dissolved oxygen was applied. Satisfactory agree- 
ment was obtain(*d between the observed oxygen absorption and that calculated 
from the amounts of ferrous and feme iron and hydrogen produced m the 
corrosion process, Table II. Good agreemi'nt between the values obtained 
gravimetncally and by measurement of oxygen-absorption had previously 
been observed by Bengough, Ijce and Wormwcll.J 

* The word " blanketing ** has always been used by the authors and their collaborators 
to denote a loose covering of secondary corrosion product of the type which can be removed 
by wipmg. Bengough and his colleagues appear to use it in a different sense. 

t ‘ J. Chem. Soc p. in (1929). 

t ‘ Proc. Roy. Soc.,* A, vol. 134, p. 314 (1931). 
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The method of potential measurement adopted at higher concentrations 
was essentially that described m a previous paper,* with slight modifications 
designed to give increased accuracy, better insulation and easier manipulation. 
Calculations show that the method becomes inaccurate for measuring cells of 



Fio 2 — Muro-appnrntnB for meahuronuiil of oxygen absorption and hydrogen evolution. 


Table II 


Solution. 

Matenal, 

Hydrogen 
evolved m 

48 hours 
(o c. al N T P ) 

Total oxygen 
abuorbed m 

48 llOUFH 
(observed) 

(c c. at N T.P ) 

Total oxygen 
abftuibcdin 

48 honra 
(caleulatod) 

(o c at N T P ). 

0 1 N KCl 

/ KSl 
\ H 30 

o o 

1 77 

1 84 

1 1 05 

i 1 79 

3 0 N KCI 

/ E31 

\ H30 

1 0 03 

1 9 00 

1 

0 62 

1 20 

0 65 

1 25 


resistance greater than 0 5 megohiKs, and at \* i\ low concentrations a modi- 
fication of the “floating grid” methodf W’iis adopted, fig. 3, paraffin-wax 
insulation being employed throughout the instrument With the switch S 
open, that is, with the grid “ floating,’' a balance' is obtained with potentio- 
meter Vi ; the grid current is determined by the external grid insulation, 

• ‘ J. Chem. Soo p i361 (1930). 

t Foebinder, * J. Phys. Chem.,* vol 34, p. 1299 (1930) ; Muller, ‘ Z. Electrochem.,* vol, 
36, p. 923 (1930). 
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and since this is good, the current is extremely small ( < 10“^® amperes). S 
is now closed at (a) so as to bring the potentiometer P3 into the grid circuit ; 


24 V 



Fio. 3. — ^Valve electrometer circuit with floating grid for use at low concentrations. 

P3 is adjusted imtil the anode circuit balance is again obtained, r.e., the grid 
LS again at the floating potential, and the grid current at the very low value. 
On switchmg S to (6) and balancing with potentiometer P^, the value of the 
unknown e.m f is obtained on the voltmeter. Since the floating grid method 
has boon criticised by Morton,* the arrangement was tested by measuring 
the e.m.f. of the cell. 

N/10 potassium Tuhulus filled N potassium 
chloride with potassium chloride 

Mercury saturated with chloride of saturated with Mercury 
calomel chosen calomel 

concentration 

The tubulus employed was of the size used in the actual experiments on 
corroding specimens. If the method is valid, it should give the same value 
(0*064 volt), whatever the conductivity of the liquid m the tubulus may be. 
Measurements were made (a) with the unmodified electrometer circuit, and 
(b) with the floating grid apparatus. The results, shown in Table III, indicate 
that method (b) is accurate at all concentrations, but that method (a) is suited 
only for high conductivities. 


* ‘ J. Chem. Soc.; p. 2983 (1931). 
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Table III. 


Liquid In 
tubulua. 

Approximate 
rosLstance of cell. 

MooRiired e m f. 

Method a | 

Method b. 


megohms 

1 

voUb 

voltfl 

O-lMKCl 

0 2 

0 054 

0 054 

0 01 N KCl 

2 

0 057 

0 054 

0 001 N KCl 

20 

0 078 

0 054 

Water 

T 

0 248 

0 054 


Three specimens of each matenal were tested at each concentration and on 
each specimen six tubuli were fixed, tlireo opening on to tht* uncorroded area 
above and three on to the etched area below or at the sides. No intermediate 
liqiud was used , the error caused by omitting it was less than 0*001 volt. 

Experimental Results . — In the preliminary experiments steel H 28 was 
exposed to potassium chloride (0*1 N and 0*00513 N) and potassium sulphate 
(0*02 N) for different periods ; corrosion-tune curves obtained by the gravi- 
metric method are shown in fig. 4, each point representing the average result 



of three experiments. The linear graphs indicate a constant velocity over the 
period during which it was desired to study the mechanism, and a standard 
time of 48 hours was adopted for subsequent work. The corrosion-time curves 
obtained by the oxygen-absorption method for steel H 30 and iron E 31 were 
also Imear, but the slight initial irregulanty was in the opposite direction. 
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Experiments were carried out with the irons E 30 and 6 2 and steel H 30 
m potassium chloride, potassium sulphate, sodium chloride, sodium sulphate 
and lithium chloride of difEerent concentrations. The relation between cor- 
rosion and concentration, as obtained in the most important experiments, is 
given in Table IV, and m figs. 5 and 6, each point representing the mean of 



CONCENTRATION (N) 

Fig 6 . — Corrosion of various materials in potassium chloride from 0*001 N to 3*0 N. 



CONCENTRATION (N) 

Fig, 6. — Corrosion of iron Q 2 in various concentrated salt solutions. 



Table IV. — ^Rate of Corrosion and Potentials of Anodic and Cathodic Areas at Different Concentrations. 
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Iron E 31 
inKCl 
with tabuh, 
weight loss 
in 48 hours. 

mg 

5 50 

5 60 

6 03 

6 27 

6 80 

7 20 

8 20 * 

6 * 40 * 

4 - 80 * 

<No*ig 

d ^ XI 

•^ai»g 

mg. 

510 

5-06 

4 70 

4 17 

3 70 

3 37 

i 

Iron G 2 
in NaCl, 
weight loss 
m 48 hours. 

^1 1 i 1 1 1 1 M 1 1 1 1 ? 1 ® 

w 10 CO eo (N 

«-fJ § 

oo-a 5 

^•a s* 

(*3 
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Iron £ 30 
inKCl, 
weight loss 
m 48 hours. 

mg 

3 87 

4 37 

4 87 

5 03 

6 37 

6 70 

6 37 

6 80 

7 33 

7 03 

6-47 

5 13 

4-43 

3*73 

Steel H 30 
inKCh 
weight loss 
ID 48 hours. 

mg. 

4 67 

5-65 

6*70 

6 37 

6 83 

7-23 

7-50 

7 70 

9 63 

10 63 

10 13 

8 60 

9-47 

6 70 

Concentration 

N. 

^ CO US r- 

OOOOOOOOO^nN»OOOCO>OCOOiOO 

OOOOOoioOQOOOOO'^ApNM^weO 


The figum in columns 1 -C represent the means of three expeninents, except *, single detemunations, whilst those in eoliuuns 7-9 are the means 
of nine yalnes, except t» means of three. 
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three experiments. Fig. 5 illustrates the action of potassium chloride on 
different materials. The corrosion velocity first rises with the concentration, 
reaches a maximum and then falls again. Fig 6 shows the descending portion 
of the curves for the corrosion of iron G 2 in different salts. Other experiments 
gave similar results. 

In a series of experiments conducted on materials E 30, E 31 and H 30 in 
potassium chlonde, with simultaneous potential measurements, the tubuli 
were found to produce a slight acceleration to the corrosion velocity, without 
affecting the distribution. Tlie corrosion velocities obtamed on E 31 are 
shown in Table IV and fig. 5, whilst Tabic IV and fig. 7 show the values of the 



Fro. 7.~Cathodio and anodic potentials and acting o.m.f. shown by iron E 31 corroding 
m potassium chlonde from 0 U06 N to 0*2 N 

potentials at the anodic area, curve A, and cathodic area, curve C ; the acting 
e.m f , the difference between the anodic and cathodic values, is shown m 
curve E. Each potential measurement recorded is the mean of nine values, 
measured after 48 hours, preliminary experiments having shown that the 
values cease to alter after about 10 hours. Several other senes of potential 
measurements were carried out. It was found that even when duplicate 
experiments presented divergencies between the individual cathodic and anodic 
potentials, specimens showing an abnormally high anodic potential also showed 
an abnormally high cathodic potential, so that the acting c.m.f. displayed 
good agreement between duplicates. 
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It will be noticed that the steel H 30 caused distinctly quicker corrosion 
than the pure iron E 30, a difference not due to hydrogon-evolutiou, and that 
sulphate solutions caused attack fully as rapid as chloride solutions. On the 
other hand, experiments with a stainless iron containing 13-0 per cent, of 
chromium showed no attack m 0*1 N potassium sulphate, but visible attack 
in 0*1 N potassium chloride, where the weight-loss was l-O, 1-2, and 1*7 mg. 
in 72 hours in three different experiments. This is doubtless due to the superior 
penetratmg power of chlorine ions.* The primary film of ordinary iron or 
steel 18 easily penetrated by SO^" or Cl' ions, a^nd when once the areas under- 
gomg attack have spread out, the penetrating power of the anions ceases to 
influence the rate of attack. 

A few experiments were conducted at temperatures otlier than 20° C., with 
iron 6 2 m 2*6 N potassium chloride. The results, which indicate a low 
temperature coefficient, are shown in Table V. 

Table V. 


Tenipf^rfttuiv. 


Weight loBs m 48 houra 
(mean of 3 exi)cnmentB]. 


’ C 
0 

20 

30 


217 

4 03 

5 15 


Comparisons o( the size of the corroded region gave mteresting results. 
The corroded area (A), fig. 1, usually occupied only a small fraction of the area 
on the pure irons 6 2, E 30 and E 31, being 0*05-0'5 cm. high, except at the 
highest concentrations , but it was 0* 1-0*8 cm. high on steels H 30 and H 28, 
and was incn^aaed further when traces of (carbon dioxide had access to the 
metal. 0» any ofie inoierval^ the corroded area was smallest at intermediate 
concentrations ; at the lowest and highest concentrations, where the corrosion 
was slower than at intermediate conccuitrations, the corroded area mounted up 
higher towards the water line. Since the eorroded area was smallest at the 
range of concentration where the total corrosion was most rapid, it follows that 
the mtensity of corrosion — corrosion per unit urea of the part affected — was 
very mucli greatest over the intermediate range. The shrinkage of corroded 
area at enhanced corrosion-velocity is explained by the principle developed 

* For meosuioments of penetrating power of anions see Britton and Evans, * J. Chem. 
Soc..’ p. 1773 (1030). 
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In a previous paper.* The area extends until the rate of production of alkali 
on the cathodic part becomes sufficient to prevent further extension ; and under 
conditions favouring rapid attack, this will occur when the anodic area is 
still quite small. No other theory seems to explain the apparent paradox 
that the corroded area is least under conditions which cause the total corrosion 
to be exceptionally rapid. 

DdermtfuUions of Dissolved Oxygen , — The oxygen-concentration of all the 
solutions at different concentrations after saturation with air at 20-0° C. and 
760 mm. was determined by the Winkler method. The results are given in 
Table VI. 


Table VI. — Oxygen Content of Solutions Saturated with Air at 20*0® C. and 

7C0 mm. 


Salt concentration, 

Potaaaium chlonde. 

Sodium chloride, 

Sodium sulphate. 

grama equiv /litre. 

c.a. /litre. 

oo./htre. 

o.c./htie. 

0 0 

6 13 

6*13 

613 

01 

6 94 

— 

— 

0*6 

5 23 

5 20 

4 87 

1 0 

4 51 

4 46 

3 98 

1-6 

3 04 

3 70 

3 23 

2 0 

3 41 

3 19 

2 67 

3 0 

2-65 

2 31 



In addition, some experiments were carried out to determine the oxygen 
remainuig m the liquid at different levels during a typical corrosion experiment 
in 0-1 N potassium chloride. It was always noticed that the colour of the 
liquid up to the level of the top of the etched (anodic) area was green, but 
that at this level there was a sharp change of tint, the liquid above being 
yellowish or without colour. Presumably, free oxygen was present at the anodic 
zone in msufficient quantities to produce oxidation to the ferric state. The 
green liquid from the lower levels, when shaken with air and allowed to stand 
for 30 minutes, became brown. 

To determine the oxygen-concentration at the upper and lower levels, an 
apparatus was used similar to that employed by Rischf ; a sample from the 
desired spot was withdrawn by moans of a capillary tube and passed through 
a filter into a vessel filled with oxygen-free nitrogen, and the oxygen present 
was estimated by the Winkler method Experiments were made with a 
specimen of steel H 30 of standard size which had stood in the usual position 
in O'l N potassium chloride for 48 hours. It was found that the uppermost 

* ‘ Proo. Roy. Soo.,’ A, vol. 131, p. 356 (1930). 
t * Bioohem. Z.,’ vol. 161, p. 466 (1925). 
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17 c.c. of the liquid contained oxygen to an extent of only 3*62 per cent, of 
the saturation value, whilst absolutely no oxygen could be detected m the 
17 c.c. drawn from the bottom. The surprisingly low oxygen concentration 
even in the portions of the liquid relatively near the air-water interface sug- 
gests that the mass of the liquid must have ascended from the lower levels 
where there is sufficient formation of ferrous hydroxide to absorb oxygen. 
The high specific gravity of the ferrous chloride solution — concentrated over 
the anodic surfaces owing to the low mobility of iron ions — suggests itself as 
the cause of the circulation. A heavy iron salt solution descending down the 
metallic surface might well cause oxygen-exhausted liquid to ascend elsewhere. 

Special experiments sliowed that the alkali produced at the upper portion 
of an ordinary corroding iron specimen also sank, probably being dragged 
down through the circulation set up by the sinking of the ferrous chloride. 
In fig. 8 is shown the distribution of alkali, shaded regions, at difierent times 
after immersion, for an H 30 spt'cimen immersed m 0*1 N potassium chloride 
containing a little phcriolphthalein. 



Fio. 8. — Distribution of aUcali (shown ahivded) during' course of oorrosion. 


The Relation between Corrosion VeloGily and Salt Concentration . — ^The con- 
centration of oxygen m the solution near the effective cathodic area, that is, 
m the meniscus, will be practically equal to the saturation value, C,. Then 
if, at any time, an amount x of the oxygen adsorbed on the cathode surface is 
m such a position or m such a state that it will immediately react with any 
hydrogen atoms deposited,* we may write — 

Rate of formation of “ active ” oxygen = fciC,. 

Rate of decay of “ active ” oxygen = 

Rate of reaction of “ active ’’ oxygen — p = t/F, 

* Cf. Fietsoh and Josophy, * Z. Elektroohem.,* vol. 37, p. 823 (1031) ; Pietsoh, Qtosm- 
Eggebreoht and Roman, * Z. phya Ohem.,' A, vol. 167, p. 363 (1031). 
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where i ie the current in amperes, and are constants depending on the 
nature of the metallic surface and on the solution, F is Faraday’s number, 
and p is the reaction velocity expressed in gram-equivalents per second. 

In a steady state 

P = (1) 

At high salt-concentrations, where the conductivity is good, and the e.m.f. 
needed to drive the current, through the circuit is small, the cathode potential 
(e,) will be only very slightly higher than the anode potential (ea)i and the 
amount of active oxygen needed to give this sbght elevation of the potential is 
clearly small. Thus, in sufficiently concentrated solutions, k^ will bo small 
compared to kjC,, and in this special case 

( 2 ) 

consequently, the corrosion-velocity should vary with the oxygen solubility.* 

To test this pomt, the corrosion velocity has been plotted, fig. 9, against the 
oxygen solubility under air at 760 mm., and it will be seen that, within experi- 
mental error, the points fall on straight lines passmg through the origin. At 
low oxygen-solubilities — ^high salt -concentrations — only one point falls further 
from the straight line than would be accounted for by experimental error ; 
this 18 the point- refemng to 3 N sodium chlonde, marked as an asterisk on 
fig. 9 Th(' irregular position is not surprising, since this concentration gives 
an abnormal distnbution of < orroHion. The commencement of the departure 
from luiear form when the salt-conrcntration becomes lower, is shown by the 
last points on two of the curves It is evident, of course, from figs. 6 and 6 
that there cannot be even an approximate proportionality between p and 0, 
below about 0*5 N salt concentration, since over this range p is increasmg 
with the concentration whilst C, is falling with it. Evidently the complete 
departure from proportionality over this range is due to the fact that the 
low values of the specific conductivity necessitate an appreciable difference 
between and Co, m order to force the current, pF, through the cell. The 
higher value of involves a value for x such that k^ is not longer small 
compared to and thus the linear relation fails. 

Over the lower range of concentration, the value for — tj^ at any given 
concentration should be that which would force the corrosion current through 

* Cf. Fnend and Bamet, * J. Iron Steel Inst./ vol. 91, p. 360 (1916) ; also Bengoogh, 
J^ee and Wonnwell, * Proo. Boy. Soo.,’ A, vol. 134, p. 324 (1931). 
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the resistance of the liquid path, which becomes higher and higher as the 
solution becomes increasingly dilute, according to the equation 



where fcg is the cell constant depending on the relative position and sizes of 
the anodic and cathodic areas. F is Faraday's luimbev and a the specific con- 



0^C0NTENJ ofSOLUTiON S/IT AIR at IGOflM (CC per LITRE) 
FiO. 9. — Relation between corrosion velocity and oxygon solubility. 


ductavity of the liquid. In fig, 10, is plotted against pF/cr, and the 

Imear form shows that the value of the cell constant, is approximately 
mdependcut of the concentration over the range under consideration ; its 
value is 0 322 cm.“^. 

A knowledge of makes it possible to investigate the question as to whether 
the cathodic reaction proci’eds equally ovit the whole of the uncorroded area 
or is confined to certain parts. A speiumeii of steel II 30 of the usual size 
was cut into two halves in the manner shown m fig. 11, the cut followmg the 
edge of the region which suffers corrosion in the ordmary experiments. The 
two parts were mounted separately, m 0-01 N potassium chloride, the slit 
intervening being about 0*1 cm. The resistance of the whole system was 
then measured by the usual bridge method, an audio-frequency valve oscillator 
being employed as the source of altematmg current. The combination gave a 
resistance far too low for the cell constant in question, and successive layers 


2 B 2 
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were out off the upper portion along horizontal lines, shown dotted in fig. 11, 
until a cell constant of 0*322 was obtained. This occurred when the upper 




Fia. 11.— Arrangement for determining distribution of current on the unetohed area. 

portion, representing the “ cathodic area,” had been cut to within 0*2 cm. 
of the water-line. At that stage, the exact shape and position of the lower 
portion, representing the anodic area, did not greatly affect the value of the 
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cell constant. On the other hand, the result was altered considerably by 
variations in the dimensions of the upper portion, representing the cathodic 
area. 

The experiments suggest that, under natural corroding conditions, when the 
current is unidirectional, practically the whole of the cathodic reaction is 
confined to the neighbourhood of the memscus, and that the constriction 
of the current path in this neighbourhood accounts for most of the resistance 
of the circmt ; under alternating-current conditions, where no depolariser is 
needed, the constriction will not occur. The fact that the memscus zone is 
the only part of the specimen which is likely to be kept replenished with oxygen 
makes this conclusion very reasonable. Moreover, a good explanation is 
obtained for the curious observation, already recorded, that anomalous 
specimens which show abnormally large anodic areas owing to the development 
of central weak-points, nevertheless show the same velocity of corrosion as 
other specimens which do not develop corrosion m the central area. 

The derivation of the corrosion-velocity over the lower range of concentra- 
tions can best be expressed by the graphical method used by one of us in a 
previous paper.* In fig. 12 are shown diagrammatically the variation of the 
anodic (A) and cathodic (C) potentials with the current passing. Curves 



CURRENT 

na. 12. — ^Derivation of corrosion current from cathodic and anodic polariiation ourves 

(sohematio). 

* ‘ J. Franklin Inst.,’ vol. 208, p. 45 (1929). 
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and C| refer to a concentrated solution of kigh conductivity ; here the liquid 
resistance, and hence the requisite e.m.h (Ei) for the corrosion current, is 
very small, and the current flowing will be given approximately by the inter- 
section of the cathodic and anodic curves Cj and Aj. As the concentration is 
reduced (curves Aj and C 2 , A 3 and C 3 , A 4 and C 4 , etc.) the increase in oxygen- 
solubility raises the position of the cathodic curve and shifts the mterseotion 
point forward. There is also a small rise of the anodic curve, but this is 
negligible down to about 0-2 N, compare fig. 7 At these high concentrations 
— as already shown — the corrosion velocity, and therefore the current, is 
proportional to the oxygen solubility. But as the concentration, and therefore 
the conductivity, falls, the value of the current flowing lags more and more 
behind the intersection pomt, since an increasmg residual e.m f (E 4 , Ej, etc.) 
is needed to overcome the resistance ; furthermore, below about 0*2 N the 
anodic curve rises appreciably and moves the intersection point itself back 
along the current axis. Through both these causes the current is diminished. 
In the general case, the value of the current flowing (i) is such that the vertical 
distance between the appropriate cathodic and anodic curves represents a 
potential drop (E) just sufficient to force the current in question through the 
liquid circuit. Sec curves A and C m the right-hand part of fig. 12. 

If the cathodic polarisation curves are assumed to be straight Imes, then 



where K is a constant depending on the oxygen solubility, and is the value of 
e, for the condition i = 0 . 

To determme dtjdiy the arrangement shown in fig 13 was used. A fresh 
specimen of iron E 31 was cut into two portions representing the cathodic and 
anodic areas as previously obtained. The cut edges of the cathodic portion 
were protected with the mixture of guttu percha (28 parts) and paraffin wax 
(72 parts), suggested by MacNaughtan and Hothersall’s work.* The two 
portions were mounted in the normal position in a beaker and connected 
externally through a circuit of low resistance. This divided specimen ” 
was then exposed to potassium chloride solution in the ordinary way, tubuli, 
not shown m fig. 13, bemg inserted so that the potentials of the upper and 
lower portions could be measured. After a few trials, it was found possible 
to construct specimens in which the lower part was corroded over its entire 
surface, while the upper part remained entirely unattached. After 48 hourSi 

* * Trans. Faraday Soo.,' vol. 26, p. 163 (1930). 
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m*‘asurementa of the current {%) flowing at various applied e.m.fs. were made, 
together with simultaneous measurements of the potentials at the anodic and 
cathodic parts of the divided specimen. Thus tltjdi and dzjdi were deter- 
mined. It la significant to find that the current measured, when no e.m.f. 
WHS applied, accounts for the wliolo of the corrosion of the anodic area as 
ineasitfed by estimation of iron in the cnrrosion-prodm t ; furthermore, the 
conosioii of the cut specimens m not much leas than that found on uncut 
s|>ecmicus ; indeed at 0*01 N tli(‘r(‘ is very satisfactory agreement, Table VII. 
This indicates tliat, at these concentrations, the disturbance due to cutting 



Ii^O. 13, — Arrangement for *lt4orniming poluriaation oiuree. 

stresses and the protcc,tion ol the edges is not very serious — a conclusion which 
accords with the view, pieviously reached, that praeneally the whole depolarisa- 
tion and the greater part of the aue<' oi < in ( los<* to the meniscus. Experi- 

menf^al nieasuiemeuts, of e^, and i ,it (t*or) N eorKcntratioii are shown in 
fig 14 Similar curves w<*re ohtuined in 0 005 N and 0 01 N potasMum chloride. 
All the cathodic curves were found to he stiaight Imes of the same gradient, 
withm the expeiimental error, exiept in the ease oi one Hpeeimeu at 0dX)5 N 
concentration, indicated by an a^iteiisk in Table VII. This speciiuen also 
showed completely abnormal values of the potential when the circuit was 
broken ; it has therefore been neglected in the following calculations. Attempts 
to carry out experiments with dividetl speeimiuis at 0*5 N concentration failed, 
since corrosion started at points on tlie uppei segment. 
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Mean I -2 52 | +0 16 -0 137 
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The results of the polarisation experiments are summarised m Table VII, 
which gives the gradients of the curves and the intercepts of the cathodic curves 
on the potential axis (K m equation (4)). The last column shows the value to 
which the cathodic potential rose when the circuit was broken, ^.e., when the 
current was zero. It is invariably a little higher than K, showing that the 
cathodic curves fall off slightly from the linear course at low values of t. 



FlO. 14.~Cathodio and anodic polarisation curves for iron E 31 in 0-05 N potassium 

ohioride. 

Since the variation of oxygen-solubility in the three solutions used is very 
small, it is legitimate to take a mean value of K for use in equation (3) over the 
range of low concentrations. (The “ scatter ’’ of the values for K as given m 
Table VII may appear large, because they represent measurements from a 
completely conventional zero , calculation indicates that the ma xim um scatter 
for the value of i occasioned thereby will be « per cent., whilst the probable 
error will be considerably smaller.) In testing equation (3), K and dtjdi 
are found from the cathodic polarisation ciirv’cs ; thus if e, is known, and 
hence the corrosion velocity, p, can be calculated, fable IV and fig. 7, curve 
C, give the values of e, for iron E 31, over the range of low concentrations. 
The calculated corrosion velocities for this series have been plotted in fig. 
16, along with the observed corrosion velocities for the series previously shown 
in Table IV and fig. 6. The close agreement between observed and calculated 
values is perhaps a little surprising, being well within the experimental error 
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which was anticipated. It should be uoticed that the calculated values are 
denved solely from electrical measun^inents, and do not introduce any arbi- 
trary constant derived from an iictual knowledge of the corrosion velocity 



Fio. 15.— (Jorroaion of iron E 31 m dilute potassium rhlonde (a) observed by weight loss, 
(2>) oaloulated from purely eleotrioal data. 

under certain conditions. At higher concentrations, the agreement, for a 
variety of reasons, is less good, but over this range of concentrations a reason- 
able interpretation of the results has already been given. 

The good agreement bc»tweeu theory and experiment over both ranges 
provides confirmation of the clectiochemical mechanism of corrosion dev(*loped 
in this paper This refers to conditions where there are well-separated 
anodic and cathodic areas. Doubtless under the conditions observed in the 
work of Bengough and his colleagues, new c’onsiderations arise, owing to the 
more rapid mixing and interaction of the cathodic and anodic products ; the 
treatment cannot be applied to such cases, at least in its present simple form. 

Summary^ 

Measurements have been made of the corrosion velocity of vertical specimens 
of iron and steel m potassium chloride, sodium chloride, sodium sulphate and 
other salts. The corrosion-time curves are linear and the temperature 
coeflficient is rather low. Curves connecting corrosion-velocity with salt 
concentration show a maximum velocity at about 0*6 N ; the area of the 
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corroded region is, however, smallest in the range of most rapid corrosion — 
an apparent anomaly which is easily explamed on the protection mechanism 
suggested in a previous paper. In the range of high concentration, the 
corrosion is proportional to the oxygen-solubihty — a fact which receives a 
simple theoretical interpretation. At low concentrations, it falls far below 
the value calculated from the oxygen-solubility, evidently owing to the necch- 
sity of providing an e m.f. to force the electric current through the circuit, 
which at these low concentrations has a considerable resistance. The potential 
at the anodic and catliodic areas has been measured m potas-sium chloride 
solution. The corroaion-rate is found to be proportional to the current which 
the measured c.m f would force through the resistance of the circuit. 

Specimens, cut along the Imc separating the corroded and uncorroded 
jjortions (the two parts being connected externally), have been found to be 
attacked at rates only slightly b(‘low the corrosion-rate of uiuut specimens, 
and the electric (surreiit dir(‘(tly measured was found to bi* equivalent to the 
corrosion-rate. Polarisation measurenients havi* been obtained which make 
it possible to calculate the corrosion-volocity over the lower range of con- 
centration where the proportionality to oxygeu-solubility fails, and satisfactory 
agreement has been reached between (i) th(‘ numbers derived by combining 
these polarisation results with potential meusurementH, and (ii) the numbers 
obtamed by measuring the loss of weight caused by the corrosion. 

The agreement between the gravimetric measurements and the purely 
electrical data makes it certain that the corrosion is connected with differential 
aeration currents set up between a cathodic area along the water-line, and an 
anodic area along the bottom and sides of the specimens Bengough's con- 
tention that the importance of Differential Aeration has been exaggerated is 
based on researches earned out with horizontal specimcus plact'd under con- 
ditions apparently chosen to reduce Differential Aeration to a uiimmum, and 
can hardly be held to apply to the vertical specnm'iis studied by the prt'sent 
authors in this and previous researches. 

We wish to thank the Department of Scientific and Industrial Rehcurch for 
a grant, and Sidney Sussex College, Cambridge, for a Research Scholarship, 
awarded to one of ua (T. P. H.). Our thanks are also due to Mr, A. J. Berry 
for advice regardmg the estimation of iron with ceric sulphate, to Dr, J. J. 
Fox for information regarding methods of estimating oxygen, and finally to 
Professor Six Harold Carpenter for his kindness m comraunicatmg this paper. 
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On the Absorption Spectrum of Sulphur Tnonde and the Heal of 
Dissociation of Oxygen. 

By Arun K. Dutt, Physics Department, Allahabad University. 

(Cornmmiicateii by M. N. Saha, F.R.S. — Received February 29, 1932 ) 

Much work has been done* by different workers on the heat of dissociation 
of oxygen and m the present work I have tried to determine this value from 
the continuous absorption spectrum of SOj-vapour. 

Experiment . — The absorption spectrum of the sulphur trioidde vapour was 
obtaiiK^d with a hydrogen discharge tube as the source of continuous light. 
The photograph was taken on a Leiss quartz spectrograph. The SOs-vapour 
was prepared by distilling pure fuming sulphuric acid, the gas thus obtained 
being (^olleott^d in a glass absorption tube, fitted with quartz ends. The ab* 
sorption was found to be continuous, beginning from the long wave-length 
oa. X 3300, with no trace of bands which could be assigned to SO 3 , just as in 
the case of saturated halides. Different lengths of the tube as well as different 
pressures were tried with no appreciable change in the position of the long 
wave-length limit. As the S08-vapour is normally partly dissociated into 

50 2 and Oj. generally some bands of the SO| gas appear. These can be 
easily elinunated by comparison with the absorption spectrum of SO|. But 
it IS possible to eliminate the SOg bands from the plate by putting an excess 
of oxygen in the absorption chamber, and then filling it up with SOa-vapour. 
According to the law of mass action the partial pressure of SOa is very con- 
siderably reduced by the addition of Og, hence the bauds due to SOg are expected 
to become weakened : this was found to be the case. 

From the above experiment, I have found that at ordinary pressures, the 

50 3 gas completely cuts off light from the long wave-length limit of X 3300 A, 
but if the partial pressure of SOg bo reduced there appears in addition a short 
patch of retransmitted light from X 2600 A to ca. X 2300 A; after X2300 
the light IS agam completely cut off. These facts can be explamed m the same 
way as in the case of absorption by bromides and iodides of alkalies. We 
can assume that in the first process of absorption SO 3 decomposes into SO| 
and normal oxygen (0 — ^P), in the second process the oxygen atom set free 
is in an excited state. We may identify this state with ^Dg of oxygen. The 
piooeascs can be written as; — 

SO. + Avgaoai « SO, + 0 (V) 
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and 

SO 3 + "i" 0 (^ 1 ^ 2 ). 

Now, X 3300 A, corresponds to 86*7 k.cal., and X 2300 A to 126 k.cal. 
Hence, we get (0* denotes excited state, 0, normal state) • — 

0* - 0 = 38 k cal. 

=-1*65 volts. 

According to Frerich,t 0 (^Dj) — 0 (®P) = 1*90 volts. Our value is, therefore, 
0*26 volt lower than the expected value. I have been unable to accoimt for 
this discrepancy, but I may point out that V. HennJ got the same value m his 
study of the absorption spectrum of NO 2 For this gas, he gets two pre- 
dissociation limits at X 3800 and X 2459 respectively, and explains this by the 
assumption that the limit at X 3800 corresponds to pre-dissociation of NO* to 
NO and normal oxygen atom , the oth(‘r limit at X 2460 corresponds to dis- 
sociation to NO and excited O-atoms The energy difference between the two 
comes out to bo 1 *7 volts, just as m my experiment. Further experiments are 
bemg imdertaken to clear up these difficult points. 

We have from the present work, 

SOs + 86-7 k cal -= SOj + 0. ( 1 ) 

Now, we have the thermochcmical relation*^§ 

(SOa) + 91*9 k.cal. - [S] + i( 02 ) ( 2 ) 

(SO 2 ) + 69*3 k cal. = [SI + (O 2 ). (3) 

Hence from (1) and (3) we get, 

* 

(SO 3 ) + 86 -7 k cal. = [S] -\ (0,) )- (0) - 69 • 3 k cal. (4) 

Substituting for (SO,) from ( 2 ), 

[S] + i (0,) = [S] + (Oj) + ( 0 ) - 69-3 - 86-7 + 9^9 k < al. (5) 

or 

i (0,) = (0.) + ( 0 ) - 64-1 k.cal. 

or 

( 0 ,) = 2(0) -128 -2 k.cal. 

».c., the value of Do. = 128*2 k.cal., where Do. denotes the heat of dissociation 
of oxygen, which corresponds to 5*67 volts. 

t ‘ Phya. Rev.,’ vol. 36, p. 398 (1930). 
t ‘ Nature,’ vol. 126, pp. 202, 276 (1930). 

§ Londolt and BOmatein’s tables, p. 1494. 
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Diteuasion . — The boat of dissociation of oxygon has been determined by a 
large number of mvestigators as shown in the following table. 


Table I. 


(1) Calunmotno mothoda-- 

i:lodebush and Trt)xel* 
Cypelaadt 

(2) ProdiPfloclation methods — 

Micoke and Nomsht 
Henn 

Konclrat}ew§ 

(3) Abrtorption hands of O, — 

Birgo and S}X)Der|| 

BirgeK 

Heraberg** 

(4) Investigatioiu with 0/one — 

Warhurgtt 

Bom and (jlerlat'ht'f 

Kaasell^^ 

(5) Ionisation potential of Og — 

HognosH and ^111111'''! 


k.od 

131 

131 

128 

128 

120 

102 

128-160 

118 

138 

102 

115-120 


* ‘ J. Amet Chem «oc vol 62, p. 3467 (1030) t ‘ Rev / vol. 36, p. 1228 (1030). 
I ‘ Naturwififl \ol 61, p 096 (1030) § * Z phys Chem B, vol. 7, p. 70 (1930). |j * Phys. 
Rev.,* vol 28, p 269 (1920) H ‘ Phys Rev ,* vol 34, p 1062 (1929). ‘ Z. phys Chem,,’ B, 

vol. 10, p. 189 (1930). tt * ^ Eleotrochem vol 26, p, 58 (1920), ‘ Z, Physik/ vol. 6, 

p. 433 (1921) Phy« Rev.,’ vol. 34, p. 817 (1929) lili ‘ Phys, Rov.,’ vol. 27, p. 733 ( 1026 ). 


It Will bu seen that the value obtained by me agrees with that determined 
by direct ealonmetnc methods as well as from the discussion of the pre- 
dissociation spectrum by Mecko and Henri (Zoc. cU,), It should be pointed out, 
however, that my method is entirely distinct from the predissociation methods 
and less open to objections which have been raised against many of the former 
methods. 

We shall first discuss the thermal methods. In Copeland’s (loc. oU,) experi- 
ments, oxygen contained in a cylinder was partially atomised by an electrode- 
less discharge and the mixture of molecules and atoms was allowed to effuse 
through a small capillary against a platinum calorimeter where, owing to the 
catalytic action of the platinum surface, the atoms combined to form the 
molecule and the heat of formation was imparted to the calorimeter. Then, 
from a discussion of the rates of flow and the amount of heat delivered to the 
calorimeter the heat of dissociation can be calculated. This method has 
yielded, according to 0. W. Richardson, f the most correct value for the heat 
of dissociation of hydrogen, namely, 107 k.cal. Bodebush and Troxel (loo. 
oU,) independently, by following a method very much like that of Copeland 


t * Tnuu. Faraday Soo.,* voL 26, p. 686 (1020), 
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obtamed a value of 131 k.cal. In the case of oxygen, however, an element of 
uncertainty is introduced by the fact that all the atomised oxygen may not 
be in the normal state. Rodobush and Troxel say that there is no evidence 
that any metastable atom reaches the calorimeter, but they have not given any 
argument in favour of their statc^ment, and it seems unlikely that metastable 
atoms 1 D 2 which differ from the state by a comparatively small energy 
value should not be produced in an el<‘ctric discharge. In the case of hydrogen 
this uncertainty is less likely to occur as tlie hydrogen atom has no metastable 
state, and the excited states have much larger energy values, and if they occur 
at all, they do so in very minute proportions. 

As for other methods, Norrishf found that photochemical reduction of NOg 
starts with light of wave-length X 3700 A. Following Turner he produced 
further evidence that photo-decompositiou of NO* mto NO and 0 sets m just 
at this limit by showing that no fluorescein c takes place m NO 2 by illumination 
of this gas with light of shorter wave-length. From this data, Mecko (loc 
cU,) calculated Do, in the following way : — 

NO 2 + 77 k cal. - NO t“ 0, 

where 77 k.cal. corresponds to X 3700 and the action of light consists in decom- 
posing NO 2 to NO and 0 in the normal state. ThermochemicalJy we have 

NOa + 13 Leal = NO + i (Oj). 

Hence, 

64 k.cal. = 0 — i (O 2 ) 

= iDo., 

therefore 

Do. = 128 Leal 

V. Henri {loc. cU.) studied the absorptions spectrum of NOa showed that 
there is band absorption begmning at X 4400 A, and they become diffuse at 
X 3700, His work therefore justifies Mecke’s calculation of Do.. It should 
be pomted out that the absorption of NO 2 is different from that of SO 3 , because 
SO 3 like the alkali halides shows no bands at all. The same procedure was 
applied by Henri to SO, and the same value of Do, was obtained. 

Kassell {he. cU.) has made use of the unimolecular decomposition of ozone 
to calculate a value for the heat of dissociation of oxygen. He says that if 
the reaction be really homogeneous and if the not very well-known heat of 
formation of ozone is utilised the value for Do. should be within the narrow 


t • J. Chem. Soo.,' p. 761 (1927). 
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limits of 6-0 volts to 6*6 volts. Evidently the method is not capable of great 
accuracy. 

These values are at varianee with Birge and Sponor’s (ioc. c%L) detenuination 
of the heat of dissociation of Og from band spectrum data As these band 
spectra are of u complex nature, a detailed discussion of them is not possible 
here, and as Birge is continuously shifting his ground, it is not possible fully 
to discuss his data. He seisms finally to have taken the stand that the heat of 
dissociation of oxygen molecule into the two normal atoms is between 6*6 to 
6-4 volts. Herzberg (loc. cU ) starts from Birge s earlier point of view that the 
heat of dissociation of the excited O 2 molecule (corresponding to the upper 
limit of the Eunge'Sehumann bands) is 7-05 volts. Assuming that ju the 
excited state the O 2 molecule breaks up into a ®P atom and one atom, and 
taking into account French’s value of the energy difference between and 
states of the 0 atom, he finds the heat of dissociation of O 2 into two normal 
atoms to be 7-05 — 1 -9 = 5-15 volts. Evidently Franckf seems to have 
accepted this value HtTzberg (loc. cU.) explains the discrepancy between his 
value and the predissociation value by assummg that the predissociation 
value always marks an upper limit, for, he says, the components dissociate 
with considerable kinetic energy. His argument seems to be rather forced 
as the following cnticism will show. The predissociation, according to the 
ideas at present accepted, is due to radiation-less transition between two 
potential energy curves, one of which has contmuous term values. Herzberg, 
by applying th(! Franck-Condon prmciple here, suggests that the transition 
does not take place below the pomt of intersection of the two upper curves 
{vide Herzberg, Joe. cU.) If that be so, the transition above the point of mter- 
BGction should from a similar reason be debarred. That would cause difiuse- 
nesB m a very short region of some band, contrary to observed facts. Then 
again, it has been found that m the case of Sj (Henri, loc cit ) the heat of dis- 
sociation calculated from predissociation data agrees remarkably well with 
values obtained from thermochemical measurements. Also it is difficult 
to explain why the values for Do, obtained from the predissociation spectra 
of NO, and SO, should turn out to be exactly the same and should so closely 
agree with the thermochemical values and the value obtained in the present 
investigation. Evidently, the suggestion that pre-dissociation values give 
only an upper limit for the heat of dissociation needs further revision. 

One word should be said about the determination of Do, values by Birge 


t ‘ NaturwiBs./ vol. 10, p, 217 (1931). 
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and Sponer^ on whose values Herzberg has placed so much reliance. It is 
well known that the evaluation of the heat of dissociation by Birge and Sponer’s 
extrapolation method does not give sufficiently accurate values. The values 
obtained for Njf and CO had to bo modified very largely. In the case of 0, 
they utilised partly the emission data of Range and partly the absorption data 
of Leifson and others. Neither of these two bands has been thoroughly 
investigated and proved to be parts of the same band. Birge and Sponer simply 
relied on a suggestion of Mallikon, which has not yet been tested. In fact, 
Hopfield;!^ announces the discovery of a new set of bands due to Og m the 
Schumann region which are different from the Hungc^Schumann bands. Hence 
the whole procedure seems to be unjustified. 


Summary. 

(а) The absorption spectrum of SO3 has been investigated between X 6000 A 
to X 2000 A. The absorption is contmuous, bcginnmg from X 3300 A and 
extending up to X 2600 A. At X 2606 A the absorption disappi'ars and light 
18 again transmitted up to X23(X)A, where again absorption begins After 
this up to X 2000 A there is complete absorption. 

(б) The heat of dissociation of oxygen has been calculated from the beginning 

of contmuous absorption at X 3300 A to be 128 k cal. and considering the re- 
transmission, the excitation energy of the oxygen atom is 1*65 volts. This 
does not agree with the value obtained by French, but supports 

Henri's value of 1*7 volts obtained from predissociation' spectra of NOj. 

{c) Other methods for obtaining the heat of dissociation of oxygen have been 
cnticjsed. 

[Note added in proof June 9, 1932. — If the considerations presented in the 
paper be correct then SO3 gas illuminated by light of wave-length less than 
X2300 should decompose photochemically into and 0 (^D,). This 0 
(^D2), if it is not allowed to collide too frequently with other atoms, should 
spontaneously revert to the normal *P-state with the emission of the for^ 
bidden lines X 3600, X 3664, X 3691, observed by Paschen and Frenchs, 
Owing to the nature of transition and probability of radiationless transfer of 
energy due to collisions, the intensities of the lines would be very small At 

t The value obtained for N, by Birge and Sponer's method was 11*5 volte while from other 
ooiwideratiooui the correct value m about 9*3 volts. This bos been disouBsed by Henbeig. 

t ‘ Phys. Rev.,’ vol. 36, p. 789 (1930). 
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the Buggestiou of Prof. Saha, I tried the experiment by taking a long column 
of SO 3 gas at very low pressure, illuminating with the Cadmium arc, and 
observing the emission from the illuminated gas with a glass spectrograph. 
After 30 hours* exposure a faint line appeared in the expected position, but 
owing to smallness of dispersion 1 could not be sure of the wave-length. 
The experiment is being repeated.] 

I beg to offer my sincere thanks to Professor M. N. Saha, F.R.S., for his kind 
interest and valuable suggestions during the course of this work. 


Polarisation Measurements on B<me Beryllium Acetate and 
Beryllium Acetylacetonate. 

By John William Smith and William Bogie Angus. 

(Communicated by F. 0. Donnan, F.R.S. — ^Received March 17, 1932 ) 

(The Sir William Ramsay Laboratories of laoigamo and Physical Chemistry, Umversity 

College, London.) 

1 . Introdtiction. 

An investigation of organic beryllium compounds is being carried out by one 
of us (W. R. A.) with a view to obtaining information regarding their molecular 
configuration and a study of their molecular polarisations suggested itself 
as a means of deciding whether or not these compounds are spatially sym- 
metrical. No previous attempts appear to have been made to measure the 
dipole moment of compounds of this type ; other physical measurements have 
been made and will be discussed in a later section. In the present investiga- 
tion measurements have been made in benzene and carbon tetrachloride 
solution, but in both solvents the compounds are only sparmgly soluble. 

2 . Pimjkaiion of Materials. 

Beryllium Compounds . — Small quantities of basic beryllium acetate and 
beryllium acetylacetonate were very kmdly supplied by Professor 6 . T. 
Morgan, F.R.S., and Di. S. Sugden, and our best thanks are due to them. The 
melting points of the compounds were in accord with the values quoted at 
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the literature : acetate, m p 285° C ; acetylacetonatc, m.p. 108*5° C. Micro- 
chemical analyses, carried out by Dr. Schoellcr, in Berlin, gave the following 
table . — 


Microchemical Analyses 



Beryllium acetate 
Be4()(Ctt,0()0), 

Beryllium aoetylacetonato 



Found 

Required. 

Found 

Required 

[7arbun 

1 

35 4 > 

35 40 1 

38 Oft 

57 94 





57 99 


Hydrogen 


4 31 

4 40 

0 73 

6 81 





6 79 



Benzene. — Benzene of the ‘ Extra Pure for Moleculat Weight Deierniination ” 
grade, supplied by the British Drug Houses, was reerystallised twice and then 
dried over sodium win\ It was then fractionally distilled and further dried 
over fresh sodium until the latter retained its bright lustre No trace of 
thiophene could bo detected 

Carbon Telrachlonde. — Pure <'ommerciai carbon tetrachloride (Hopkins 
and Williams) was repeatedly shaken with concentrated sulphuric acid, washed 
with water, shaken four times with 2N sodium hydroxide and again washed 
with water. It was allowed to stand over anhydrous potassium carbonate 
for 21 hours and was tlien fractionally distilled in an all-quartz distillation 
apparatus kindly lent by Dr. John Farquharson. The fraction boiling at 
76-8° C was collected and dried over stick potash. 

The methods given by Newcomb* for detectmg small amounts of phosgene, 
carbon disulphide, sulphur chlorides, aldehydes and other organic substances 
were applied. No trace of any of these impurities was found. To ascertain 
whether a minute trace of chloroform was present a sample of the fractionated 
carbon tetrachloride was heated with Fehlmg s solution at G0°-7()'" C for several 
hours with vigorous shakmg from time to time.f There was no reducing action 
and therefore no trace of chloroform. 

3. Methods of Measurement. 

The dielectric constants of dilute solutions were measured by the resonance 
method previously descnbed.f A double- walled cylindrical glass vessel, 
• ‘ Analyst,’ vol 49, p. 225 (1924). 

t Ingold and PowoU, ‘ J. Chera. Soc.,’ vol. 119, p. 1227 (1921). 
t Smith, J. W., * Proc. Roy. Soc..’ A, vol. 136, p. 251 (1932). 
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heaviiy silvered on the inside so as to form parallel conducting plates, was used 
as test condenser. This condenser was connected in parallel with a (‘ahbrated 
Sullivan standard variable air condenser (capacity 50-250 [xijlF) forming part 
of the resonance circuit ; and against this standard condenser the capacity 
of the test condenser, containing air, pure solvent, or solution, was measured 
differentially. The test condenser was placed in a water thermostat and 
resonance points were determined at different temperatures. 

Polarisations for optical wave-lengths wore calculated from refractivity 
measurements on the solvents and solution, and compared with the polarisa- 
tions for Hertzian wave-lengths calculated from dielectric constant data. The 
refractive indices were measured for the mercury green line (5461 A ) by a 
Pdfrich refractometer kindly placed at our disposal by Professor C. K. Ingold, 
F.R.S. 

Density measurements of pim* solvents and solutions were made at those 
temperatures at which resonaucc*points and refractive indices were determined, 
using a 50 c.c. specific gravity bottle 

4 Dielectric CoiistatU Data for BeryUiufn Acetylacetonate, 

Owing to the small quantity of this substance at our disposal it has been 
possible to measure only one solution m carbon tetrachloride. Resonance 
points were determined at 20°, 25°, 35° and 45° 0 for the test condenser 
containing air, pure solvent and solution, and the equivalent capacities were 
read direct from the calibration curve for the standard condenser. The lead 
capacities were assumed to be constant and Hartshorn and Oliver’s* value of 
2 '2725 for benzene at 25° C. was taken as the standard dielectric. 

The molecular polarisation P| of the solute was calculated from the modified 
Clausius-Mosotti equetion applicable to solutions. The significant data are 
collected in Table I, where /j denotes the mol fraction of solute and e and p 
the dielectric constant and density of the solution, respectively. 


Table I. 


Tempo ratu re ; 

20 

Carbon 

tetra- 

chlonde 

O 

Solution, j 

Carbou 

tetra- 

oh}</ndo 

Solution. 

35 

Carbon 

tetra- 

chloride 

1 

1 

Solution. 

45 

Carbon 

tetra- 

chloride 

JO 

[ 

Solution. 

/, 


0 00908 

] 

0 00908 

1 

1 

0 00008 

_ 

0 00908 

c 

2 240 

2 254 

2 230 

2 245 

2 207 

2-220 

2 188 

2 206 

p 

1 59309 

1-58406 

1 58356 

1-57370 

1-56302 

1 56606 

1 64232 

1 53485 

p. 


82 1 

1 

84-0 

1 


80 5 


86 9 


‘ Proc. Roy. 8oo./ A, vol. 123, p. 664 (1929). 
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5. Dielectric Constant Data for Basic Beryllium Acetate 

Two solutions of basic bcrylhura acetate in benzene (I and II) and one in 
(larbon tetrachloride (III) have been measured. In both solvents th(5 compound 
was only sparingly soluble and consequently the possible error m those experi- 
mental results IS comparatively high Significant data for measurements at 
25*^ and 45"^ C. are given in Table IL 

Table 11. 

Tomperaturo 25 ‘ IVmporaturo 45®. 


I A* 

I 








Pi^ 

Beu/rnp 

2 273 ] 

1 0 87381 

- 1 

2 234 

1 

0 851131 


8t^lutiun I 

0 001721 2 275 

0 8750rtj 

1»2 h 

2 238 

0 85333 

136 6 

Solution Tl 

0 00350 2 27S 

0 HTOT.’Si 

i:j3 7 

J 243 

0 85609 

134 0 

Carbon tt ti.u blonde 

210 

1 58356, 



2 188 

1 54232 

— 

Solution 111 

0 00l03j 2 226 

1 58207 

126 2 

2 187 

1 541 IQ 

129 1 


6 . Refractive Index* Data. 

The part- of the molecular polarisation arming from induced dipoles may be 
identified with the molecular refraction of tlie solute calculated from the 
modified form of the Lorentz-Loronz equation which is applicable to solutions. 

Ill order to compare the polarisations calculated m this way with those 
calculated from dielectric constant data, the refractive indices of pure solvents 
and solutions were measured Refractive index tables for 54G1 A. at 15® C. 
were given by the makers of the mstiunient, but in this investigation refractive 
indices were measured at 25^ C. and it was necessary to introduce a temperature 
correction term for tlie prism This term was obtained from (jorrection tables 
supplied with the mstniment by Messrs. Hilger, Ltd. 

The values obtained for the pure solvent were compared with values calcu' 
lated by interpolating the figures quoted in the literature by means of Cauchy’s 
formula 

«-l = A + | (6) 

where A and B are constants 

Usmg this formula the values for 5461 A. interpolated from the figures of 
Knops* and Weegmanf for benzene at 25® C. arc respectively !• 50214 and 

* ‘ Liebig’# Ann.; vol. 248, p. 175 (1888). 
t ‘ Z phys. Chem.; voL 2. p. 237 (1888). 
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1 '50*^30; whereas the experimental value obtained was 1-50213, which is lu 
very good agreement. 

Table III gives the significant data for the refractive indices and molecular 
refractions at 25° C. where the solutions I, II, and III are the solutions of 
basic beryllium acetate referred to in Table II and solution IV is the carbon 
tetrachloride solution of beiyllium acetylacetonate refern^d to m Table I 


Table 111 



Solution 

C.H, 

! . 

j II. 1 


HI 1 

1 

1 

1 IV 

1 

/. 

! 

1 

n 00172 j 

0 00350 1 


0 00103 

0 00908 

v 

i 

1 :je2n ! 

1 60147 ! 

1 60109 1 

I 45991 

1 45976 

1 46135 

p 

1 

0 H7 1KI 

0 K7608 I 

0 8707 ri 1 

1 68350 ! 

1 58207 

1 .67370 


1 


95 9 

9.6 9 

1 


no 6 

62 1 


7. DiisCHssion, 

An examination of the literature revealed the fjul that Tanatar* had deter- 
mined the molecular weight of basic beryllium ari'tate by the depression of 
the freezing point of ben/en<*. We, therefore, decided to measure the dielectric 
constants of benzene solutions, but encountered a surprisingly low solubility. 
The highest concentration obtainable at 18° C. was just over 1 per cent , 
approximately equal to that used by Tanatar. In order to obtain more 
concentrated solutions we next tried carbon tetrachloride as solvent, but 
unfortunately the solubility was even less. This is very surprising since, 
according to Wirth,t the solubility of basic berj Ilium acetate in chloroform 
at 18° (\ IS 33 per cent., and as the internal pressures of carbon tetrachloride 
and chloroform are approximately equal, one might expect a i orrespondingly 
close similanty m their solvent powers. 

Qualitative determinations of the solubility of basic bervllium acetate 
have been made m vanous solvents. It was found to dissolve in toluene, 
chloroform, and acetone, but appeared to be insoluble m carbon tetrachloride, 
tetrachlore thane, hexane, and carbon disulphide, all of whicli are ?io/i-polar. 
In the literature it is recorded as soluble also in acetic acid, benzaidehyde, 
molten monochloracetic acid, phosphorus trichloride, ethyl malonate, ethyl 
acetate, and nitrobenzene. According to the qualitative determinations made 

• * J. Ru8s. gee. Chem.,’ vol. 36, p. 82 (1904) ; ‘ Chem. Zlb.,’ vol. 1, p. 1192 (1904). 
t * Z. anorg. Chem.,' vol. 87, p. 8 (1914). 
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and to the previous observations, the solubility appears to be related to the 
dipolar character of the solvent, and we suggest tentatively that this may 
account for the sparing solubility m benzene and carbon tetrachloride. 

This sparmg solubility tends to introduce a fairly large experimental error 
in the polarisation measurements. In view of this fact tlie values of the 
molecular polarisations calculated from the dielectric constant measurements 
must be regarded as very satisfactory for the solutions of basic beryllium 
acetate in benzene and of beryUuim acetylacetonate m carbon tetrachloride. 
A molecule which has a permanent electric moment should have a less molecular 
polarisation at higher temperatures than at lower temperatures. Our results 
are sometimes slightly greatei at higher temperatures, but only by an amount 
which IS well within the limits of possible expc^nmental error. We conclude, 
therefore, that the molecules of basic beryllium acetate*, and beryllium acetyb 
acetonate possess no permanent electric moment The solution of basic 
beryllium acetate in carbon tetrachloride was so very dilute that we feel there 
is no justification for placing any rtdianee on the polarisation measurements of 
this solution, in spite of the fact that the molecular polarisations agree fairly 
well with those obtained for a solution of the same substance in benzene The 
molecular refractivities of basic lieryllmm acetate m the two benzene solutions 
(see Table III) agree with one another very closely. 

When, however, we compare the molecular polarisations with the molecuiai 
T(*fractivitie8 we find that the refractivities arc considerably lower both for the 
basic acetate and for the acetylacetonate as is shown m Table IV, in which 
mean whole number experimental values are given. 

Table IV. 

Compound. Molecular polaruatiun. Mulocular refraotiTity. Difference. 

Be40(CH3C00), 134 96 38 

BeiCsHfOi), 86 62 24 

Bragg and Morgan* have shown that the crystal structure of basic beryllium 
acetat^j is symmetrical ; that the four beryllium atoms are situated at the 
comers of a regular tetrahedron, at the centre of which is situated the unique 
oxygen atom, and that the six acetyl groups are arranged symmetrically along 
the SIX edges. From parachor measurements on basic beryllium propionate, 

♦ ‘ Proc. Roy. Soo.,’ A, vol. 104, p. 437 (1923). 
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Sugden* has suggested the structural formula, fig 1a, using odd electron Imk- 
ages m preference to the formula, fig. 1 b, in which normal two and four electrons 
linkages are used. In the figures only one of the six interlocking, six-membered 
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rings is shown in detail and lines joining atoms each indicate a one-electron 
linkage. 

Both the formulsa answer the requirements of the crystal structure symmetry. 
From the symmetrical nature of the molecule it would appear to be most 
probable that the difference between the molecular polarisation and molecular 
refractivity should be attributed to atomic polarisation. Atomic polarisations 
are more pronounced when atoms are linked hy electro-valencies than by 
co-valencies. This is borne out, for example, in the seru's CCI4, T1CI4, SnCl^f 
where the atomic polarisations increase with the ek'ctropositive character of 
the central atom. 

The high value for the atomic polarisation seems to indicate that the struc- 
tural formula m which all the atoms are electrically neutral is not an adet^uatc 
representation of the molecule. From the fact that beryllates exist and in 
view of the marked similarity in behaviour between beryllium and alummmm 
compounds, it may be supposed that certain beryllium compounds are ampho- 
teric in character. Consequently a oliarge of —2 on the beryllium atoms 
would not be wholly unexpected. 

Similar arguments are applicable to the alternative structural fornmlsa 
fur beryllium acetylacetonate, figs. 2a and 2b. Here again polarisation data 
favour the second configuration. 

• “ The Parachor and Valency,” p. 145 (1930) ; ‘ J. Chem. Soc.,* p. 313 (1929). 
t * J. Amer. Chem. Soo./ vol. 51, p. 2051 (1929). 
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From considerations of diamagnetic susceptibility measurements,* the same 
conclusions have been reached regarding the structure of those molecules 
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8. AS'wmwwiy. 

The dielectric constants and densities of two solutions of basic, beryllium 
acetate m benzene have been measured at !i5‘' and 45"^ C and molecular polarisa- 
tions calculated Molecular polarisations have been calculated for a solution 
of beryllium acctylacetonate in carbon tetrachloride from dielectric constant 
and density measurements at 20’, 25', 35' and 15° C. Molecular refractivitics 
at 25'^ i\ w(‘re determini'd for each solution. Tht' molecular polarisations do 
not vary with temperature, but are liigher than the molecular relractivities and 
a tentative explanation is given 

Our b<*st thanks are due to Piofessor F G Dounan, F U S , for his continued 
interest and encouragement. W K A. desires to record his indebtedness to 
the Hamsriy Fellowship Trustees tor the award of a British Fellowship 

* Angus and Furquharson, ‘ Pnn*. Roy Soc A, vol 136, p 579 (1932) 
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The Measurement of Pressures Devdoped in Explosion Waves. 

By Colin Campbell, William Brian Littler, and Clifford Whitworth 

(Manchester University). 

(Cnmmunicated by A Jjdpworth, F R 8 — Received March 17, 1932 ) 

[Plate 1 8 ] 

The measurement of the pressure produced m the “ explosion -wave in 
gaseous mixtures is difficult because of the rapidity of movement of the wave 
and the short time for which the pressure over any given area lasts. In 1894 
Uixon and Cam* pointed out that the pressures obtained by firing a mixture 
in a closed vesself did not correspond to pressures m the wave front. Followmg 
a suggestion of Mallard and Le Chat(‘lier, they used a mc‘thod in which glass 
tubes of known strength were fractured by the explosion -wave, it being assumed 
that “ if a pressure is produced m a glass tube greattcr than it can stand, the 
glass will be broken altliough the pressure may only last for a very short 
interval of time ” The strength of the glass tubes was found by determining 
the static pressures required to break similar pieces. It was found that throe 
lengths from the same piece of glass tubing required respectively 890, 950 and 
1220 lbs. per square inch to fracture them : the accuracy of the results was 
therefore not very great. Dixon and Cam estimated that the pressure in the 
explosion-wave in CaNg + Oj lay, probably, between 70 and 120 atmospheres 
and that in + Dj + 2 N 2 between 63 and 84 atmospheres. 

Jones and BowerJ cast some doubt on the pressures given by Dixon and 
Cam, and suggested that they were the pressures produced just after detonation 
had been re-established when the explosion-wave had been damped down at 
a junction. The pressure in the wave front of the fully established detonation 
wave in the mixture CgNj + 0* was estimated by Jones and Bower to he 
between 58 and 76 atmospheres. 

Dixon§ recorded the fact that Jones and Bower found that the mixture 
C 2 N 2 + O 2 + 2 N 2 produced a pressure between 74 and 93 atmospheres, a 
higher pressure than for the undiluted mixture CjNj + Oj ; and he con- 
sidered their results uncertain. The discrepancy may perhaps be explained 

* * Mem. and Proc. Mano. Dt. and Phil Soc.,' p. 174 (1894). 
t Berthelot and VieiUe, * Ann. Chim. phys./ vol. 4, p. 14 (1885). 

I * Mem. and Proc. Mano. Lit. and Phil. Soc.,* p. 1 (1808). 
f * Phil. Trann.; A, vol. 200, p. 338 (1903). 
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by the observation of Bradley and Browne* that a glass tube which has once 
been subjected to a higli pressure may, owing to deterioration of the glass, 
break under a much lower pressure, or even spontaneously. 

In view of these experiments, the method of measuring explosion pressures 
by the breaking of glass tubes cannot be regarded as satisfactory. 

In the present experiments we have tried to measure the pressure m the 
fxplosion-wave by placing across the explosion gallery metal foils of various 
thicknesses. By choosing two pieies of foil, one of which would stand the 
force of the explosion and prevent it proceeding along the tube and a second, 
slightly thinner foil, which was pierced by the explosion, it seemed possible 
to comi>are the pressures prodiu ed in different mixtures , by calibration of the 
foils with static air pressure it was also possible to obtain an approximate value 
for the actual pressure developed m any one mixture 

Ej pet I mental. 

The explosion gallery consisted of a senes of glass and metal tubes, 1 *5 cm. 
internal diameter, arranged horizontally The copper diaphragms, usually 
square pieces, were 8(‘curely held in the apparatus, shown in fig. 1, between two 


A A 



cylmdneal gunmetal flanges, A, by two leather washers, B, internal diameter 
2 ’2 cm., which could be. clamped together by tightening the bolts, C ; the glass 
tubes fitted into these flanges, gas-tight joints liemg made by means of the 
stuffing boxes and glands, D. After having been evacuated to a pressure of 
O'l cm. of mercury, or less, by means of a “ Hyvac ” oil pump, the tubes 
were filled with the gas mixture. This was ignited near the closed end of the 
tube system by a spark from the secondary circuit of a coil capable of yielding 
a |-inch spark in air. 

* ‘ J. Fhyn. Chem vol. 8, p. 37 (1904). 
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In order that the experimental conditions should be comparable when using 
difierent mixtures, it was essential that the explosion-wave should be well 
estabhsliod before the flame reached th«' I'oppcr diaphragm, and to make sure 
that this had taken place the apparatus w'as erected m front of a rotating-drum 
camera so that the \elocity of the flame before its impact with the diaphragm 
could bo determined from the photograph. 

The clioice of metal for the diaphragm was carefully considered. Aluramium, 
tin and silver in thin sheets were found to tear during the setting up or evacua- 
tion of the apparatus, but copper was found to be very suitable and all the 
results givim were obtained with this metal It was found that the static 
air pressures required to break different samples taken from n long roll of 
metal agreed w’lth one another, often to within ] per cent. 

During the course of preliminary oxixTiments, tlie following observations 
were made -- 

(1) With a lead-glass gallery, bore 1 5 (*m., consisting of 250 cm of lead 
tubing followed by 50 cm. of glass, the explosion- wave in electrolytic gas 
(2H2 Og) cut out (“ sheared ”) a clean hole m a diaphragm 0*005 inch thick ; 
a slightly thicker diaphragm, 0-0045 inch, was pierced with a very small hole, 
whilst one still thicker, 0*0057 inch, was merely deformed, a fairly sharp conical 
depnvssion being produced. When the mixture C3H4 f SOg was used under 
the same experimental conditions, a mneh thicker diaphragm, 0*0063 meh, 
was sheared. Those results suggested that the pressure generated in the 
ethylene mixture was higher than that in electrol}^u* gas -a result in accord- 
ance with calculations based on the theory of Jouguet.* 

(2) The Faraday cement joint between the lead and glass sections of the 
gallery was often cracked by the explosion, and this led to uncertain results 
In the later form of apparatus the lead tube was replaced by one of copp<*r, 
and the metal-glass connection made pressure- tight liy means of a stuffing 
box and gland, similar to that on the diaphragm apparatus 

(3) The length of glass tube between the copper tube and the diaphragm was 
found to affect the breaking power of the mixtures. Thus with electrolytic 
gas, the maximum thickness of copper sheared was 0*0045 inch when 18 cm. 
or 100 cm. of glass were used ; with 150 cm. the maximum thickness sheared 
was 0*0067 inch, and no further change in the breaking power of the mixture 
was detected when the length of glass was increased to 240 cm. A similar 
type of result was obtained with the mixture CjHj SOg. Thus, it would 


* ' J. Math, pures appl.,* vol. 1, p. 347 (1905) ; vol. 2, p. 5 (1906). 
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appear that the forc(* of tht* explosion is leas when the flame has just emerged 
from a metal tub<* than when it has travelled some distance m a gloss tube ; 
this IS probably due to tJie greater cooling power of the rnetal tube. 

In view of these observations, the form of apparatus finally adopted was as 
follows : The metal firing piece forming the closed end of the gallery was 
sciewed into the copper tube, i-fi cm internal diameter and 300 cm. long , 
the first 200 cm. of copper formed a smooth curve of radius 300 cm., and the 
last 100 cm were straight. The copper tube was connected by a stuffing box 
and gland to a glass tube 1*5 (‘m. internal diameter and 210 cm, long, which m 
turn fitted into the apparatus holding the diaphragm. A second glass tube 
of the same internal diameter and about 150 cm. long, fitting into the far side 
of the diaphragm apparatus, was filled with the same gaseous mixture as the 
rest of the system. The appearance of a flame in this tube indicated that the 
diaphragm had broken and it also gave other information to be discussed 
below. 

Using tins apparatus, we liave obtained values for tht‘ thickness of cop|)er 
foils which were (a) sheared, and (6) not sheared, by the explosion- waves m 
a number of different gaseous raixtun»s, an<l the results are given lu Table 1. 


Tahl(‘ 1 




1 




"J’hicliJK'ws of t'op|)fr. 

Mixliiit 

- — 

— 



UnahivinxJ 


incli 

inch 

2Ha + bO, 

0 0045 

0 0057 

-iHj -f- Uj 

0 0057 

0 000.3 

7H, + 0, 

« 0045 

0 0057 

20^ 

0 OlOJ 

0 0113 


0 008.i 

' 0 0103 


0 OObb 

0 008<l 

C.H, + IW), 

0 0057 

1 0 0003 

C.H, H 0, 

0 0103 

0 0113 

+ 2JO, 

0 00S3 

0 0103 

<!,H, + 7*0, 

0 OObU 

0 0080 

(',H, + 100, 

1 0 0003 

i 

CH, 4 0, 

' U 0083 

U 0103 

(1H.+ MO, 

1 0 0083 

0 0103 

I'H, 4- 20, 

0 0083 

U 0103 

CH, + 40j 

0 OObO 

0 0080 

CH, + 80, 

0 0003 

0 OOOU 

2C0 f- 0, 

0 0003 

0 0000 
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The above table seems to show that whilst electrolytic gas is probably 
the hydrogen-oxygen mixture with the greatest breaking power, a large excess 
of either hydrogen or oxygen does not affect this value to any marked extent 
It will be seen later that this is in accordance with the calculated pressures for 
these mixtures. In the case of the ethylene-oxygen mixtures, the breaking 
power increases from CjH4 + IBOg up to C2H4 l^Og In some experiments 
with the latter mixture, the glass tube through which the explosion-wave 
passed before it reached the diaphragm was shattered, and in this case copper 
0-0083 inch was not sheared ; m other experiments where the tube remained 
intact copper 0-0103 inch was sheared. The lower breaking power is probably 
due to a release of pressure behind tlie wave-front consequent upon the breakmg 
of the glass tube. (In the particular piece of apparatus used it was not possible 
to introduce thicker walled glass tubes which would always have withstood 
the pressure ; and metal tubes were precluded because of their cooling effects, 
mentioned above, and also because their use would have prevented the 
photography of the flames ) 

The breaking power of acetylene-oxygen mixtures increases from 
CiHj + IOO2 up to CjHj + Og. In the case of methane-oxygen mixtures, 
CH4 + O3, CH4 + IJOg and CH4 + 2O2 all sheared ()-(X)83-mch copper, but 
failed to shear 0-0103-moh copper and their breaking powers are evidently 
not very different. Some measure of the relative strengths of these mixtures 
can, however, be obtained from the depth of the conical mdentation made on 
a 0-0103-mch diaphragm by each explosion-wave On this basis the mixture 
CH4 -f Og 18 a little more powerful than either of the otliers In the same 
way the mixture of equal volumes of acetylene and oxygen was estimated to 
be more powerful than the mixture of ethylene with twice its volume of oxygen 
The mixture 2CO + Og, shearing, as it does, 0-0063-mch copper, would appear 
to be stronger than electrolytic gas which does not shear the same thickness 

When certain very dilute mixtures such as C2H4 + 18 Og, 4 CO + Og, 
and 3 CO + Og were ignited in the apparatus, detonation was not always 
established. In such cases a diaphragm 0-002 inch thick not only remained 
mtact but suffered no appreciable deformation. These results show the marked 
difference between the breaking power of a “ slow ” flame and that of an 
explosion-wavo. 

The results given in Table I only permit comparisons to be made between the 
shearing power of different mixtures, but it seemed possible to estimate the 
actual pressures by determinmg the static pressure required to break a given 
thickness of foil. For this purpose, air, from a high pressure cylinder, was 
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applied to one side of a copper foil held in the diaphragm apparatus as already 
described. Foils as thin as 0*002 inch and 0*003 inch were inclined to tear 
and did not always shear completely, but the thicker ones sheared in apparently 
the same way as when hit by an explosion-wave. The static pressure required 
depended to a slight extent on its rate of application. In calibrating the copper 
foils it was, therefore, customary to apply the pressure at a constant rate of 
about half an atmosphere per second ; the reading of the pressure gauge just 
prior to a sudden “ kick ” was taken as the breaking pressure. From the 
typical calibration curve, shown in fig. 2, it is seen that, for all except the 
thickest foil, a linear relationship exists lietween the breaking pressures and the 



Fig. 2 — Calibration of Copjier Foils by Static Air Preaaures. 


thickness. [The shearing pressures thus obtamed do not agree with those 
calculated from the known physical constants of copper ; the reason for this 
is that, whilst the diameter of the piece of copper cut out is 1 *6 cm., the pressure 
can act over a wider diameter (see figs. 1 and 7, Plate 18) because the leather 
washers project some small distance beyond the general level of the shearing 
edge. When copper was sheared agamst a perfectly flat edge 1*5 cm. in 
diameter the pressures required were higher and agreed with those calculati'd 
from the physical constants of copper.] 

The blow given by the explosion^wave to the foil is of the nature of an 
impulse and we have photographic evidence, which will be discussed later, 
that the shearing of the foil occurred over an interval of time of the order of 
several hundred-thousandtlis of a second from the time at which the explosion- 
wave collided with it. It is well known that a load applied suddenly is approxi- 
mately twice as effective in shearing a given material as when applied gradually. 
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If the analogy can be applied to the sudden pressure in the explosion-wave 
acting on the copper foil, then the pressure in the explosion- wave which will 
break a particular thickness of foil is only half the static (air) pressure which 
will achieve the same result. It follows, therefore, that the static shearing 
pressures, corresponding to each thickness of foil employed in the experiments, 
must Ik* halved in value before being applied to estimate the pressures developed 
by various explosion-waves. As already shown, it was possible to determine 
for each mixture two limiting thicknesses of foil, one of which was sheared 
and the other, slightly thicker, which remained intact after bemg struck by 
the explosion- wave. By halving the static shearing pressures corresponding 
to these two thicknesses it seemed possible to determine the “ lower ” and 
** upper ** limits between which the actual explosion-wave pressure must he, 
a still closer approximation to the latter being obtained by taking the mean of 
these values. Before detailing the results, we shall discuss the calculation 
of explosion pressures from theoretical considerations so that the values so 
obtained may be compared with those determined experimentally. 

Theoretical CahtdeUion of Explosion Pressures. 

Explosion -wave pressures for several mixtures have been calculated by 
Jouguet (foe. cU ) using the specific heat values given by Mallard and Le 
Chatelier, and later* for a few mixtures according to the specific heat values 
given by Kast.f The method of calculation is as follows . — 

Let C, be the total molecular specific heat at constant volume of the pro- 
ducts of combustion, 

Q the heat of reaction, 

Pv Pa fb*' initial and final pressures rcsp<'ctively, 

Ti.T* the initial and final temperatures (° K), 

Sj, «a ^be initial and final specific volumes, 
til, nj tbe initial and final numbers of molecules, 

R the gas constant, and 

V the ratio of the specific heats of the products at T 2 . 

From Hugoniot’s law for adiabatic dynamic compressions it can be shown that, 
if the gas laws are obeyed and tbe chemical reaction proceeds to completion, 

pc. (iT = Q + IR (,1 - 1 )(n,T, + n,T,/|i), (1) 

Jt, 

* C. R Acad. Soi. Faria,' vol. 181, p. 546 (1925). 

t SpreDg-Qxid Zandatoffe,” 1921. 
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where |x » sjs^. This expression involves and p., both unknown, and 
therefore for a first approximation the second term on the right-hand side of 
(1) is neglected and one writes 

pC.dT^Q. (lA) 

Jt, 

This equation can be solved and an approximate value obtained for the 
temperature attained in the wave. 

The application of this method of calculation to the reaction + JOj -► H|0 
is as follows. The data employed by Jouguet are Q = 68,000 calories per 
gm. mol. ; Wj = 1 -6 ; nj = 1 ; Ti = 283® K., and C, (steam) = 4-6 + 0-0068 T. 
Substituting in equation (1a), we have 


r* (4 - 5 + 0*0058 T) dT = 58,000, 


whence T 2 = 3821® K. (first approximation). 

Before the exact equation (1) can be used, it is necessary to know the value 
of (JL at the temperature T,. This is obtamcd by first findmg and y thk 
temperature. Thus, from the specific heat equation, = 4*6 + 0*0068 X 
3821 = 26*66. Hence, since y = 1 + R/C„ at 3821® K., y = 1*0746. 

Now the velocity of a shock-and-combustion wave can be shown to be 

and is equal to the velocity of sound in the gas at the temperature concerned : 

therefore, 

a/ B-Jb, =: VYnjRT,. 

#1 — *2 

Since P ^2 — WjRTg, and jji = sjs^ it follows that 

yjA* — (y + 1) (X + WiTi/njTj = 0. (2) 

A value for {x can be obtained which on substitution in equation (1) gives a 
nearer approximation to the temperature. Thus from equation (2), 

1*0746 — 2*0746 — 0*1107 = 0, 

whence p = 1 *876 (first approximation). 

Substitution in equation (1) gives 

f* (4-6 + 0-0068 T) dT = 68.000 + IR ((* - 1) (n,T, + , 

Js8S ' H* ^ 


VOL. OXXXVII.— A. 
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U, 0'0029 Ta* + 4*6 T," 69,606=: 0*876 T,+ 198 and 1.^3961® K. 
(second approximation). 

If the processes to find C^, y and (x be repeated, a still closer approximation 
to T| can be obtained. Thus, in the example cited : At 3961® K., C, = 27*4 ; 
y = 1*0726 ; and [x = 1*879 (second approximation). 

The third approximation for T, is thus given by 


0*0029 T,a + 4*5 T, - 69,606 = 0*879 Tj + 199, 

whence 

Tj = 3966® K. 


In practice the above operations are repeated until successive approximations 
do not differ appreciably (say by 10®). The value for Tj just obtained is, 
therefore, the one required. 

Knowing Tj, a value can readily be obtained for pJPx* ^he gas 

laws, pJPi = Since is in general 1 atmosphere, this equation 

gives a direct value for p 2 - Thus, the explosion-wave pressure for the mixture 
2H, + Oa is given by 




1 X 3956 
1*5 X 283 


= 17*6 atmospheres. 


In applying the above method, the initial temperature has been taken as 
10® C. (Ti = 283® K.) and the specific heat values employed arc those given 
by Mallard and Le Chatelier and used by Jouguct, viz. : — 

(Hg, Og, Nj, CO) = 4*5 + 0*0012 T 
C\(HaO) -r 4*6 + 0*0058 T 

C^(C02) ==4*6 + 0*0074 T. 


It is, of course, realised that more recent formul® (of the type C, = A ± BT± 
CT*) are probably more accurate at temperatures up to 2000°, but since the 
temperatures in the explosion-wave are m many cases between 4000° and 5000° 
it is very doubtful whether extrapolation is any more reliable on the later 
fonnulte than with the simpler form given above. For convenience, therefore, 
the above values have been provisionally adopted. 

Where modem data for Q (the heat of reaction) differ markedly from those 
used by Jouguet, the explosion pressures have been re-calculated and are 
placed in the last column of Table II, the values obtained by Jouguet being 
placed beside them for purposes of comparison. In the same table are given 
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the pressures (air-pressures halved as already d<‘8cnbed) corresponding to the 
copper foils which were (a) just sheared, and (6) not sheared by the explosion- 
waves, In most cases the mean of these two values has been taken as the 
pressure for the mixture ; but in certain cases there arc reasons for bclievmg 
that the real pressures are quite near the lower or higher limit. In each of 
these cases, the “ probable value is given in brackets. 


Table II. 




Pressures 

(atmospheres). 

Mean or 


Calculated pressures 
(atmospheres). 


Mixture. 



probable 

Q. 




(>oppor 

Sheared. 

Cupper 
Unshearod . 

pressure 
(atms ). 

(k ca] ) 

Jouguet. 

i 

Authors 


1 

C,H4 + 20, 

36 9 

16 0 

41 6 

/ 196 6 
\ 206 5 



41 1 *) 
40 4 i 


2 

C,H« + 30, 

31 0 

36 9 

34 

332 0 


31 6 

3 

C.H, +. 6*0, 

23 0 

29 0 

26 

332 0 

— 

26 0 

4 

; CjH, + 190, 

10 0 

1 21 B 

(19) 

332 0 

- 

18 6 

5 

CH, + 0, 

31 0 

3b 9 

34 

/ 07 5 

\ 86 3 

29 8 

- 'I 
36 3 J 


6 

CH, + 20, 

31 0 

36 9 

(31) 

/ 193 6 
\ 210 8 

27 4 

- i 

29'2 J 


7 

('H, + 40, 

23 0 

29 0 

26 

/ 193 6 
\ 210 8 

23 4 

- 1 

25 9 1 


8 

CH, -f 80, 

21 8 

23 0 

22 4 

210 8 


21 2 

0 

G,U, -4- 0, 

36 0 

46 0 

41 r, 

113 0 

54 5 



10 

C,H, 2^0, 

31 0 

36 9 

34 

312 0 

— 

30 0 

n 

C,H, + 7*0, 

23 0 

29 0 

20 

.312 0 

— 

25 8 

12 

C,H, + 100 , 

21 8 

7 

>21 8 

307 0 

22 0 

— 

13 

2H, + 0 , 

190 

21 8 

20 4 

68 0 

17*6 



14 

2H, + 0, -f- 6H, 

160 

19 0 

(16) 

58 0 

14 4 

- 

15 

2H, + 0, 'h 50, 

16 0 

10 0 

(16) 

68 0 

11 4 

— 

16 

2C0 + 0, 

21 8 

23 0 

(23) 

1 68 0 

17 2 



The lower limit has been chosen as more probable than the mean of the lower 
and higher bmits in the case of the naixtures CaH4 -f I9O2, CH^ + 

2H2 + O2 + 60 j and + 0^ + SHj because the explosion-waves m 
these mixtures seemed only just capable of shearing the thinner copper ; in 
several experiments the copper disc was not completely severed from the 
remainder of the piece. In the case of the mixture 2C0 -f- 03 the thinner 
foil was always sheared and the thicker one was occasionally cracked ; this 
suggested that the pressure was almost equal to the upper limit pressure. 

The values of the calculated pressures in those hydrocarbon mixtures 


2 D 2 
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containing insufficient oxygen for oompleto combustion will first be considered. 
In the explosion of the mixture CjH4 + 20j, at least two possible reactions 
may occur : — 

(1) CjH^ + 20a 2C0 + 2HaO + 196-6 k. cal. ; 

(2) CaH, f 20a -CO + COj + H, + Rfi + 206-6 k. caL ; 

and it is uncertain whether either completely represents the mode of burning 
in tlie wave-front. Using the value of Q given in (1), the calculated pressure 
is 41 • 1 atmospheres compared with 40-4 atmospheres if Q is given the second 
value ; the corresponding velocities calculated by the formula given below are 
2607 and 2490 m.p.s. respectively. Since the observed velocity, 2581 m.p.s., 
is only slightly higher than either of the calculated velocities, it is probable 
that the pressure is only slightly greater than either of the figures given above 
for the calculated pressures and therefore not very different from the mean 
determined pressure of 41 -5 atmospheres. 

In the case of the mixture CH4 + O2 it is generally assumed that the products 
are CO HjO + The recent value of Q (85 • 3 k cal.) is much higher than 
the value used by Jouguet, namely, 67-5 k. cal. The corresponding calculated 
pressures are 36-3 and 29-8 atmospheres, and the velocities 2682 and 2477 
m.p.B. Since the observed velocity, 2528 m.p.s., lies between these two values, 
it follows that the real pressure lies between the two given pressures and is 
probably not far from the observed pressure, 34 atmospheres. 

Only m the case of the mixture CgH^ + O2 is the calculated pressure very 
much higher than the determined pressure. This difference may be due to a 
variety of factors. The value of Q, 113 k. cal , used m the calculations was 
based on the assumption that the reaction is C2H2 + Og -► 2CO + Hj, but 
since carbon is always produced during the explosion of this mixture, this 
equation probably does not accurately represent the reaction occurring in 
the wave-front. The calculated velocity, 3091 m p.s., is considerably higher 
than the observed velocity, 2961 m.p.8., and it seems probable therefore that 
the calculated pressure is also too high. Since the calculated temperature is 
also much higher than in all the other miictures, greater unoertamty exists in 
regard to the probable values for the specific heats. Tor those reasons it is 
felt that no reliance should be placed on the figure given for the calculated 
pressure in this mixture. 

While the remaining results in Table II show a very fair agreement between 
the calculated pressures and the mean (or probable) pressures determined 
experimentally, the latter are, in general, slightly higher. This applies 
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particularly to those mixtures, Nos. 2, 6 , 10 , 13 and 16 in Table II, where the 
final products are entirely carbon dioxide and/or steam, and may bo duo to the 
specific heat formulee giving too high values for those gases. If this bo the 
explanation, then where excess oxygon is used and appears among the products 
of combustion, as m the mixtiu*e C 2 H 4 + *-► 2 CO 2 + 2 H 2 O + any 

errors in the specific heats of CO 2 and HjO will have less effect on the calculated 
pressures, provided that the value for is more nearly correct than that 
of C^COj and C^HjO. Th(» excess of oxygen will also result in a lower flame 
temperature at which specific heat values for all the products will be more 
reliable. This gives an additional reason why calculated and determined 
pressures should show better agreement m the case of the more dilute mixtures, 
e.jf., Nos. 4, 8 and 12 in Table II. 

From his calculations of explosion velocities, Jouguet deduced that the 
values for the specific heats of gases, as given by the formulee of Mallard and 
Le Chatclier, increase too rapidly with temperature. In these calculations, 
the velocity in m.p.s. is given by V = (|x/100)\/Y^a^^2/^» where M is the 
mass of n 2 molecules of products, R = 84,760 X 981 ergs, and the other 
symbols have the same significance as in the previous calculations In the 
case of the mixture 2Ha + O 2 , the calculated velocity of explosion, 2627 m.p.s., 
is 194 m.p 8 . less than the observed velocity, 2821 m.p.s. ; and m the mixture 
2 CO + Oa the calculated velocity, 1664 m.p.s., is 86 m.p.s. below the observed 
velocity, 1760 m.p.s. ; lower values for would give higher calculated 
velocities. In this connection we may note that modem values* for the 
specific heats at 1000 ° C. and 2000 ° C. are lower in the case of the diatomic 
gasea and considerably lower in the case of carbon dioxide and steam, than 
the corresponding values employed by Mallard and Le Chatclier (Table III). 


Table 111. 


Gu. 

From Partington and Shilling. 

C, 1000* c. 

C, 2000* C. 

0, 

5-45 

6 55 

H. 

5-66 

6*25 

C<5 

6*45 

6*56 

H,0 

7 90 

12 95 

CO. 

1018 

11 02 


Mallard and Le Ohatelier. 


C, 1000* c. 

0, 2000* c. 

0 03 

7 23 

6 03 

7*23 

6 03 

7*23 

11 89 

17 09 

13 92 

21 32 


Partington and Shilling, “ The Specific Heats of Gases,’* p. 204. 
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If the specific heats at still higher temperatures, say 4000®, are proportion^ 
ately less than those employed by Mallard and Lo Chatelier, this would easily 
explain why the calculated pressures in Table II are, in nearly every case, less 
than the experimentally determined pressures. 

Quite recently Jouguet* has recalculated the pressures and rates of explosion 
for three different mixtures, using specific heat data given by East. The results, 
in which dissociation effects are neglected, are given in Table IV, the deter- 
mined pressures from Table II being inserted for comparison. 


Table IV. 


Mixture. 

T. 

(•1C) 

Velocity of oxploHion 

Pressures i 


Calculated. 

in.p.8. 

Observed 

1 zn pa 

Calculated 

it. + o. 

4780 

2907 

2821 

21 1 

20 4 

•im f- 0| -j- SHj 

2940 

3707 1 

3630 

16 1 

(16) 

.0 -f Oa 

6000 

2100 

1750 

26 3 

(23) 


It is clear that the calculated velocities exceed the observed velocities ; 
from this Jouguet concluded that the specific heats at high temperatures, as 
given by the Kast formulse, are too low. 

It has been pointed out by Jouguet and also by Lewis and Friauff that lower 
values for the calculated velocities are obtamod if dissociation is taken into 
account It is therefore clear that by using slightly higher specific heats than 
those employed by Kast and/or by takmg into account dissociation effects, 
the calculated velocities would bo reduced and could be made to agree well 
with the observed velocities ; by this procedure the calculated pressures would 
also be reduced. 

It appears then that, in a number of different mixtures, the pressures deter- 
mined experimentally, by the method described above, he between the pressures 
calculated from formuloB for specific heats given by {a) Mallard and Le CJliatclier, 
and (6) Kast, where these have been applied. Since the former, (a), are believed 
to give for the calculated pressures too low values, and the latter, (6), too high 
values, it would appear that the true pressures calculated on Jouguet’s theory 
do not he far from the determined pressures In view of uncertainties in the 
specific heats and the validity of the gas laws at the temperatures of the 

* * C. R. Acad. Soi. Fans,’ vol. 181, p. 546 (1925). 
t ' J. Amer. Chem. Soo.,’ vol. 52, p. 3905 (1930). 
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reaction, it has not been thought desirable to apply any corrections for possible 
dissociation, even if reliable data for the latter were available. 

The Photographic Records, 

The photographs, figs. 3-7, Plate 18, obtained during this research have given 
some information on the behaviour of the flame before and after collision with 
the copper diaphragm. Pig. 3 shows the reflected wave produced when the 
explosion- wave in electrolytic gas strikes foil 0*002 inch thick. Although the 
latter was sheared, the explosion-wave was reduced to a slow flame and only 
re-established at a point 35 cm. along the tube. With foil 0*003 inch thick, 
a similar photograph was obtained, detonation in this case occurring about 
40 cm. beyond the diaphragm. When the foil was increased m thickness to 
0*0045 inch the explosion- wave made a deep conical bulge m the copper and 
commenced to shear it at one side ; the flame, however, ignited the mixture in 
the second glass tube. The photograph obtained, fig. 4, shows that an intense 
wave is reflected from the foil, that the flame which passed the latter was 
almost non-luminous, and that detonation was set up about 55 cm. beyond the 
diaphragm, the resulting retonation wave being reflected by the almost 
unbroken foil. Both these photographs were obtained during the preliminary 
experiments, but are m every way typical of those obtained later. With still 
thicker copper, 0*0067 inch, the explosion- wave m this mixture produced a 
conical depression m the foil but was not able to penetrate it. 

The narrow, dark, vertical linos seen in the flame photographs are due to 
reference marks, 20 cm. apart, placed on the explosion tubes, whilst the white 
vertical line was produced by oxposmg the film, either immediately before 
or just after the experiment, to a narrow beam of light from a small electric 
lamp ; this gave the exact direction of the movement of the film as it passed 
the focus of the camera Ions. 

The appearance of some of the copper foils after use is shown in fig. 7. When 
foil 0*002 inch thick was struck by a “ slow ” flame in the mixture 4C0 + Og, 
it was not distorted and only the faint imprmt made on it by the leather 
washers which had held it in position can be seen (a). Opposite sides of the 
conical bulge produced when an explosion was not strong enough completely 
to shear the foil are shown in (6) and (c), whilst (d) shows a diaphragm which has 
been completely sheared. The annular indentation round the edge of the 
sheared portion (d) indicates that the “ pressure effect ” of the flame had been 
spread out over an area extendmg as far as the leather washers ; this is also 
visible in (b) and (c). 
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The photograph of the flame in the mixture C 2 H 4 + SOg, fig. 6 , is quite 
difierent from those already described for electrolytic gas. The foil in this 
experiment was 0'0028 inch thick, and the photograph shows clearly the strong 
wave of reflection produced when the flame struck the copper foil. The 
velocities of the flame before and after it had passed through the diaphragm 
apparatus are apparently identical, but the two flame traces are not in align- 
ment : the vertical distance between the second and the extrapolation of the 
first is about 0*28 cm. and corresponds in this experiment to a time of approxi- 
mately 0*000046 second. On the original negative, faint “stnee arc visible just 
beyond the diaphragm ; this suggests that inside the diaphragm apparatus, 
which was only 6 cm. long, the detonation wave may have been damped down 
and re-established; but this is by no means certain. The time 0-000046 
second is, therefore, a maximum time required to break the diaphragm. 
When thinner foil, 0-0022 inch, is used, the delay is 0*000033 second, but when 
thicker foil, 0-0043 inch or more, is used, the explosion-wave is definitely 
suppressed and is not re-established until the flame has trav(»lled several 
centimetres m the second glass tube. In gfmeral, it appears that for 
any given mixture, the distance over which the flame must travel before 
detonation is re-established tends to increase with increasing tliickness of 
foil. This has already been illustrated in the experiments with eloctrol 3 rtic 
gas given above. When the mixture C 2 H 4 + HO 2 is employed and moderately 
thin foils used, there is no indication of any dampmg down in velocity of the 
explosion-wave and the delay therefore probably represents the actual time 
taken by the explosion-wave to shear the diaphragm. The times required 
to shear different foils are apparently proportional to the thickness in the 
case of this mixture, and nearly so m the case of the mixture C 2 H 4 + SOj, 

Tabic V. 

Time to shear foil, Thiokneaa of foil, I>ela^ 

Mixture. sec. X 10“* mohee thi 

(=a) (-6) 

C.H4 -i- 30t 3 3 0 0022 1 60 

C1H4 +30, 4 6 I 0 0028 1 61 

4-2 0 0043 ( 08 

C1H4 4- l|Ot 6 2 0 0063 0*08 

Table V ; the lack of agreement in this latter case is due possibly to the fact 
discussed above, that the explosion- wave may have been momentarily damped 
down* 
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The Pressure at the Point of Detonation. 

The experimeutB so far described have been attempts to measure the pressure 
in an explosion-wave which has travelled several metres beyond the point of 
detonation. Some experiments have been carried out in which it was arranged 
that detonation was set up much nearer the copper diaphragm. This was made 
possible by attaching the firing piece directly to the glass tube fitting into the 
diaphragm apparatus ; by using different lengths of glass tube it was possible 
to vary the position of the point of detonation. The results obtained with 
the mixture 2Ha + Og, are summarised in Tabic VI. 


Table VI. 


Spark-gap 
to copper 

Point of 
detonation 

Thickness of copper. 

Corresponding pressures. 

to copper 
foil. 

1 Sheared. ' 

1 Unsheared. 

1 

Sheared. 

Unsheared. 

cm. 

cm. 

m 

m. 

atmoB. 

atmos. 

175 

20-26 

0 0067 

0 0063* 

19 0 

21 8 

66 

10 

0*0102 

0 0U2* 

36 9 

46*0 


* Limiting case , commenced to shear. 


In the experiment using foil 0*0112 inch thick, the glass tube was shattered 
by the force of the explosion , had it remained intact it is very probable that 
the diaphragm would have been completely sheared. The photograph of this 
experiment is reproduced in fig. 6. The portion prior to the diaphragm clearly 
shows (1) the pre-detonation flame, (2) the point of detonation, and (3) the 
reflected wave from the foil. It will be seen that the early travel of the flame 
in the second glass tube is not recorded owing to its feeble lummosity after 
passage through the foil : this, coupled with the fact that detonation was not 
re-established until after some 80 cm., serves to indicate that the explosion 
had great difficulty in bulging and crackmg the copper foil. Smee the explosion- 
wave in electrolytic gas did not normally shear copper thicker than 0*0067 
inch, it is clear from these experiments that the pressure near the point of 
detonation is much greater than that obtaining when the wave is fully estab- 
lished. This enhanced pressure would seem to be an explanation of the greater 
destructive effects of gaseous mixtures at the point of detonation noted by other 
workers, e.g., Dixon, loc. ciL, p, 338. 

The mixtures were made from gases obtained from cylinders except in the 
case of carbon monoxide, which was prepared from sodium formate. Mixtures 
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containing hydrogen, carbon monoxide or methane were stored over water 
at room temperature and passed directly into the explosion tubes ; those 
containing acetylene and ethylene were passed rapidly over calcium chloride 
and stored over mercury. The analyses of the different mixtures used are 
not given because slight variations m composition had no appreciable effect 
on the results obtained. The amoimt of combustible gas was within 2 per 
cent, of that required by the given molecular proportions ; the remainder was 
oxygen containing usually 1-2 per cent, nitrogen. 

Summary. 

(1) Experiments on the shearing of copper foils of various thicknesses by 
oxplosion-waves in a number of different gaseous mixtures seem to provide a 
method of comparing the explosion pressures existmg in the flame. 

(2) By calibrating these foils by means of static air pressures, direct values 
of explosion pressures liave been determined 

(3) These pressures agree fairly well with the pressures calculated by the 
method suggested by Jouguet, especially m the case of the more dilute mixtures. 
The effects of the values of the heats of reaction and the formulse for the 
specific heats of gases at high temperatures on these calculated pressures are 
discussed. 

(4) Photographs of the flame before and after the copper foils in certain 
cases give approximate values for the times required to shear them. 

(6) Pressures near the point of detonation are higher than in the fully 
established explosion -wave. 

The authors wish to acknowledge their thanks to Mr. J. B. M. Herbert, 
M.Sc., for advice and to Mr. John Harwood, M Sc., for many helpful suggostions 
during the course of the work. They arc also indebted to Imperial Chemical 
Industries, Ltd , for a grant towards the expenses. 
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X-Ray Study of Phase Boundaries in Thermal Diagrams of 
Alloy Systems— Cu-Zn System. 

By Professor E. A. Owen, M.A., D.Sc., and Llewelyn Pickup, Ph.D., 
University College of North Wales, Bangor. 

(Communicated by Sir William Bragg, O M , F.R.8. — Received March 21, 1932 ) 

[Platks 10 and 20 ] 

Within the last 10 years, the study of the difiEraction of X-rays by cr 3 r 8 tal 
units in metals and alloys has shown that X-ray analysis, apart from giving 
data on the form and dimensions of the crystalline units, is a powerful method 
with which to examine the thermal diagrams of alloy systems. Rosenhain* 
has pointed out, however, that although the X-ray analj^is of alloys 3 deld 8 
valuable results as to structure and so on, the constitutional diagrams arrived 
at by this means must necessarily be incomplete, firstly because a very small 
amount of a second phase in a large mass of another phase cannot be detected 
by X-ray methods, and secondly, because the parameter measurements have 
not been accurate enough to determine definitely the boundaries of solid 
solubility. In view of this statement we felt it would pc^rhaps serve a useful 
purpose to carry out a careful investigation into the reliability of accurate 
X-ray methods for establishmg thermal equilibrium diagrams of alloy systems. 
An account of such an investigation is given in this paper, and it may be stated 
at the outset that, where X-ray data could be compared with data reliably 
established by other methods, the agreement is as good as, if not better than, 
that between the data of the various methods amongst themselves. It will 
be shown that a phase boundary can be determined by the X-ray method from 
parameter measurements alone, and that an accurate determination can be 
made irrespective of the amount of the second phase present 
It will be necessary to go into the method of measurement and the heat 
treatment of the alloys in some detail. Precautions have to bo taken in the 
preparation and analysis of the alloys to ensure that the parameter measured 
IB that of the alloy in the cquilibnum state, and that its composition is that 
corresponding to the alloy actually used m the measurement. The paper is 
therefore divided iuto two parts ; the first part deals with the method of 
measurement and the preparation of the alloys, and the second part refers to 


* * J, Inst. Met.,* vol. 42, p. 54 (1929). 



398 E. A. Owen and L« Pickup. 

the X-ray examination of the alloys with a view to determining the phase 
boundaries. 

Attention is directed to alloys in the copper-zinc system. These were 
chosen as a considerable amount of work has already been done on them by 
metallurgical and by X-ray methods ; the former have yielded much data 
concerning the phases and boundaries in the equilibrium diagram, and the 
latter have resulted in a good general survey of the structures of the various 
phases. The types of structure given to the different phases m the senes* 
appear now to be generally accepted, but the parameters hitherto dotemuned 
can only be taken as approximate owing to the comparatively low accuracy 
of the methods employed to obtain them. In the present investigation use is 
made of the precision camera employed by Gayler and Ptestonf to examine the 
age hardemng of aluminium alloys. By taking various precautions which 
will be detailed below, the parameters of alloys can be determined to an 
accuracy of at least 1 m 4000. This accuracy is higher than that which is 
possible in the ordinary method with the Muller camera or with the X-ray 
spectrometer, and it enables the small variations in parameter values to be 
followed which could not be detected by the other methods of measurement. 

Method of Measufemeifd and Preparation of the Alloys. 

In the camera used by Oayler and Preston, the sample under examination, 
either in the form of a thin flexible sheet or m powder form on a sheet, is placed 
on the circumference of a cylmdncal brass drum and is exposed to a divergent 
beam of X-rays proceeding from a slit placed at the opposite end of the dia- 
meter. A photographic film placed on the drum symmetrically with regard 
to the slit receives the reflected rays. The conditions are such that the rays 
come to a focus, producing lines on the film on either side of the sht. If 0 
is the glancing angle, s the distance between conespondmg lines, and r the 
radius of the drum, then siSr = 7r/2 — 0, which gives 6 when r and a are known. 
The parameter of the lattice a can then be calculated from Bragg’s equation 
X = 2y a sin 0, when y is a function of the Miller indices of the reflecting planes. 

It was found that the (420) planes of copper gave with copper radiation a 
value of about 73® for 0, so that tan 0 is about 3*3. Thus 8a/a = 80/3*3 = 
85 / 26 * 4r. Now assuming an experimental measuring error in 5 of the order 

* Owen and Preston, * Phys. Soc. Lond.,* toI. 36 (1923), and Westgren and Phragmen, 
‘ Phil. Mag vol. 60, p. 311 (1926). 

t Gayler and Pteston, * J. Inst. Met.,’ toI, 41, p. 218 (1929). 
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of 0*6 mm. — ^this is considerably greater than that found by repeated measure- 
ments — ^the error in the parameter, if r is 50 mm., is rather less than 0*04 per 
oent. Thus very small changes in the lattice parameter can be detected with 
this instrument. In the actual camera used, the and Ka^ wave-lengths 
of copper were separated by over 3 mm. when the arc between corresponding 
lines was about 15*6 cm., and by about 6 mm. when the arc was about 7 *5 cm. 

The camera was of robust construction. Its outer brass surface was turned 
in the lathe to ensure that it was truly circular. Its radius was measured by 
several methods all of which agreed closely with each other giving a mean 
value of 61 *46 mm., but this is not the effective radius because a layer of black 
paper, 0*08 mm. thick, was placed between the film and the circumference of 
the camera. Also since the film was double coated, the two images were not 
exactly supenmposed when the film was laid flat. The measured distance 
between the lines was such that it represented the distance between them if 
they had been photographed on a smgle coating of emulsion situated midway 
between the actual coatings. The thickness of the film before development 
was 0*23 mm., so that the middle layer of the gelatine was displaced 0-20 mm. 
radially from the circumference of the camera. Theoretically the contours of 
the film and the sample exammed must have identical radii of curvature. 
This condition was obtamed by fixing a sheet of alummium foil of thickness 
0 • 20 mm. round the slot to be covered by the sample , thus makmg the effective 
camera radius 51*66 mm. 

The slit system was mcorporated m the camera itself and could be adjusted 
and fixed in the position to give reflection lines of the best definition. The 
film and sample were held in position by elastic bands which pressed them 
lightly and uniformly against the circumference. Precautions were taken to 
avoid fogging of the film by the use of suitable lead screens. The camera was 
mounted on a heavy stand furnished with three levelling screws. 

Ztwialtoiow.— The X-ray tube, which was of the gas type, was operated on 
a Schall transformer capable of an output of 30 ma. at 100 kv. It was found 
that the tube when working steadily over long periods, passed 8 to 10 ma. at 
36 to 40 kv. In precision camera work, 1^ to 2 hours' exposure under these 
conditions was usually sufficient, but for powder spectrum photographs as 
finally produced, an exposure of 10 hours was required at this mput. The 
latter were occasionally required to check certain points in connection with the 
structure of the alloys. 

Measurement of the Photographs . — ^AU measurements of the films were made 
with a micrometer screw attached to the carriage of which was a blade pointer. 
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This pointer was adjusted to move over the film which was supported on a 
sheet of opal glass, illuminated from below and situated well away from the 
source of light to avoid undue heating. The micrometer screw was compared 
with a finely graduated millimetre scale ; over the entire length, the maximum 
variation m the screw and the scale did not exceed about 0*06 mm. As it was 
essential for comparative measurements throughout the work periodically 
to check the micrometer screw, a suitable scale was made by ruling fine lines 
on the emulsion of an iinexposed photographic plate. Periodic checking 
showed that the variation in the measured distance between the lines was 
always less than 0-06 mm. m 140 mm. This was considered satisfactory. 
On this standard, subsequent work gave for well annealed electrolytic copper 
a parameter of 3*6079 A., which agrees closely with the most accurate deter- 
minations made hitherto on the parameter of this element. 

Film Shrinkage . — To investigate the shrinkage of the film on developing 
and fixing, the following method was adopted. A photographic half plate 
was exposed to light, developed and dried. On the blackened emulsion a 
fine straight line was cut with a razor edge and two other fine lines cut at right 
angles to this at about 14*6 cm, apart ; the distance between the cross lines 
was carefully measured with the micrometer screw. Next a strip of double- 
coated film, the size used for X-ray exposures, was taken and the cross 
lines pnnted on it by super-imposing the glass plate and giving a suit- 
able exposure. The film was then developed in the manner adopted for 
the standard procedure. On measuring the imprint and comparing with 
the marks on the plate, any shrinkage could bo detected. For instance, four 
separate readings gave 14*416 cm. as the mean distance between the marks 
on the blackened plate, while the means of three separate films, cut from different 
sheets, gave for this distance, 14*394, 14*404 and 14*392 cm. Hence the 
films showed respectively a shnnkage of 0*16, 0*08 and 0*17 per cent. To 
allow for this shrinkage fiducial marks were made on the camera so that their 
imprint appeared on every film exposed; these marks consisted of small 
holes bored through the drum near the edge of the slot covered by the film. 
On development the imprints showed a double edge because the reflected beam 
did not pass normally through the film, and so two images were produced one 
on each emulsion. It was easy, however, to decide which edge corresponded 
to the emulsion adjacent to the hole. To ascertain the true arc between the 
inside edges of the holes in the drum, a strip of self-toning photographic paper 
was fixed over the slot and exposed to daylight. Well defined impnnts of the 
holes were thus obtained and the distance between their inside edges measured 
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with the micrometer screw. Since the paper was not ** fixed,” this measure- 
ment gave the true distance between the holes. The mean value of two measure- 
ments each of three separate strips of paper was 14*535 cm., but owing to the 
thickness of black paper (0*08 mm.) placed between the film and the camera 
during exposure, a small correction has to be applied to obtain the correct 
distance of the imprints on the film under experimental conditions. This 
correction amounted to 0*011 cm., thus making the distance between the 
inside edges of the imprints on the film to be 14*646 cm. 

The measurements of the arcs on each film were corrected by assuming a 
linear shrinkage throughout the length of the film, calculating its amount by 
measuring the distance between the two registered spots on the film and com- 
paring with the true distance as derived above. When an abnormally large 
fiducial length was encountered, this was put down to a bulge in the film from 
some cause or other and such photographs wore discarded. This, however, 
rarely occurred. By measuring the fiducial distance, arc measurements could 
always be adjusted to conform to the standard even if measured after a long 
interval of time. 

In the photographs, the Ka^ and Ka* lines of copper radiation wore always 
resolved, and in some cases, when conditions were favourable the Kp lino was 
also registered. The reflected a Imes of the copper radiation varied in width 
from about 0*6 mm. for long arcs to about 0*9 mm. for short arcs. Rather 
than estimate visually the centre of these lines, it was found more convenient 
to measure from their edges with the aid of a small power hand lens. The 
measurements given in Table I were made on a film showing the reflections of 
the Ka^ and Ka 2 wave-lengths of copper from the (420) planes of annealed 
copper. The sketch, fig. 1, explains the method of arriving at the arc lengths. 



Fro. 1. 


Both values for each pair of figures in column 3 of Table I, if the correspond- 
ing lines were of equal width, should be the same, but owing to errors in esti- 
mating the edges, and also to possible slight differences m the widtlis, a difference 
of 0* 1 mm. was allowed as the maximum error for arcs longer than about 12 cm.; 
the actual differences were well under this maximum tolerance. 
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Table I. 


Readings. 

Aro 

length. 

Meaanrod 
moan aro 
length. 

Gorreotod 

aro 

length. 

Parameter 

of 

copper. 

om. 

om. 

cm. 

om. 

om. 

1 

8-6«2(A) 

3 688 (B) 

16-380 (H) 
16*315 (G) 

12*757 

12-753 

12-755 

12-747 

3-607, 

3-728 (C) 
8*767 (D) 

16 801 (F) 
16163(E) 

12*434 

12-430 

12-432 

12-424 

3 607, 


For arcs shorter than about 8 cm., the lines of the doublets are broader 
and their edges are not so well defined, but as the theory of the camera shows, 
more latitude in measurement is permissible, with the result that even higher 
accuracy is obtained with these less well defined lines than with those better 
defined at longer arcs. The most accurate conditions were found to be when 
the arc was about 8 cm., but owing to the small working range (about 68^ 
to 87°) not even with radiation from targets such as nickel, cobalt, or iron, was 
it possible to obtain ideal conditions for certain parameter measurements. 
Under the best conditions the precision of the measurements would not be 
impaired if the shrinkage correction were entirely neglected. 

Conditions for the Production of RefleUion Lines . — Owing to the high resolu- 
tion obtained with the precision camera, well defined reflection Imes are not 
registered on the film unless the spacing of possible reflecting planes is very 
uniform. Enough cold work is done even with gentle filing so to distort the 
structure as to make the spacing of the planes irregular enough to spoil the 
reflections. To obtain sharp lines at large glancing angles it is necessary to 
eliminate the distortion by annealing the specimen. Experiments showed 
that there is a minimum annealmg temperature below which Imes may not 
bo produced and that the higher the annealing temperature is above this 
minimum, the shorter is the annealing time required to produce the hnos. 
In the process of annealing, however, it is possible that the composition of the 
alloy may be altered owing to the volatilisation of one of the components. 
A detailed study was therefore made of the effect of annealing the alloys both 
in the form of filings and in lump form. Unless precautions are taken to 
ensure a prolonged cooling from the liquid state, the resulting ingot is in a 
heterogeneous condition, so that when filings are taken from it, different frag- 
ments may have different compositions. Annealing such filmgs may produce 
equilibrium m each fragment but unless there is interdiffusion of the com- 
ponents between fragment and fragment, apart from that between the 
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components of the same fragment, the mass as a whole will still be hetero- 
geneous. 

To investigate the oSect of annealmg, six alloys were taken covering a 
copper range of from 100 per cent, to 56 per cent. Filings of these in the 
“ as oast ” condition were first prepared. Then about 1 c.c. of each alloy was 
lump annealed at 860® to 860® 0. for 9 hours, packed in powdered charcoal 
in a metal container, the ends of which were luted up with alundum cement. 
After annealing they were allowed to cool slowly in the furnace. Filings were 
taken after removing the outside surface to a depth of at least 1 mm. These 
filings together with those taken from the “ as cast ** specimens, were annealed 
in evacuated pyrex tubes at 600® C. for 4 hours before their parameters were 
determined. After the measurement of the parameter, the filings were removed 
from the aluminium foil on which they were mounted in the camera, and 
analysed for copper content. Table II gives the results obtained. 


Table II. 


AUoy 

mariced. 

1 

1 

Condition. 

j 

Fihng 
analysis 
(per cent. Cu 
by weight). 

Paramei 

a- phase. 

ter (A ). 

^-phase. 

807 Z ^ 

As oast 

^ 80 3 

3 620, 


807 Z 

Lump annealed 

' 90 0 

3 027, 

- 

752 Z 

As oast 

74 8 

3 062. 


752 Z 

Lump annealed 

; 76 8 

3 667, 

— 

673 Z 

As oast 

67-3 

3*670, 


673 Z 

Lump annealed 

70 3 

3 673, 


614 Z 

Lump annealed 

1 62-4 

1 

3*693, 

— 

580Z 

As cast 

58'9 

3 696, 

2 943, 

680 Z 

Lump annealed 

69 6 

3 696, 

2 944, 

661 Z 

As oast 

56 1 

3 6967 

2*942, 

661 Z 

Lump annealed ^ 

67 6 j 

3 696, 

2*942, 


These figures are plotted in fig. 2 from which it is observed that the relation 
between the parameter and composition is the same smooth curve for both the 
“ lump-annealed ** and the “ as cast ” samples* m the pure a region extending 
down to about 62 per cent, copper. Both the a and the ^ phase parameters 
in the (% -f- region are constant. 

* The size of ingot oast was about 30 gm It is probable that this agreement between 
annealed and ** as cast " samples would not obtain if much larger ingots were emplo3red, 
see Qendert and Bailey, ' J. Inst. Met ,* vol. 33, p. 215 (1925). 


2 £ 


you oxxxvu.— A. 
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The lump annealing has altered the composition of each alloy but the alloys 
in the (a + P) region have not lost as much zinc in proportion to that initially 
present as the alloys in the pure a region. Thus the presence of the P phase 



Fia 2.— Cu-Zn Alloys, All samples annealed at 500'’ C. 

O “ As oast,” X “ Lump annealed.” x ■♦-i Denotes ohemge in composition due to lump 
annealing of os cast ingot. 

appears to prevent zme from volatilismg from the saturated a phase in the 
(a + P) region so easily as it does from the a phase when it exists alone. 
This effect is supported by mdirect evidence from other sources. For instance 
Dunn* noticed m the course of an investigation of the diffusion of zinc out of 
a brass, that the rate of diffusion for an alloy in the (a + (3) region was different 
from that m the case of an alloy in the pure a region. The work of Nadejdmf 
also shows the same effect. 

Having now shown that the “ as cast ” and the lump annealed samples 
gave the same results when the actual composition is taken into account and 
the surface layers of the ingot are discarded, it still remained to find if the full 
effect of lump annealing had taken place in the one heat treatment. With this 
aim in view further samples were subjected to lump annealing and their para- 

• * J. Chein. Soc.,* p. 2973 (1926). 

t Nadejdin, “ Metallung ” (1928) ; ‘ J. Inst. Met. Ab«.,’ vol. 42, p. 460 (1929). 
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meters determined after different times of annealing. For this purpose alloys 
in the (P + y) down to about 48 per cent, copper, were added to those 

already investigated. Table III contains the results obtamed ; hunp annealing 
was carried out at 800° to 850° C. for the times stated in the tabic, filmgs from 
each sample being annealed at 600° C. for 4 hours before photographing. 

Table III. 


Parameter (A). 


Alloy 

aark^. 

As cast. 

After 

9 hours 
annealing. 

Aft«r 

18 hours 
annealing. 

After 

36 hours 
annealing. 

i-phase 

807 Z 

762 Z 

673 Z 

614 Z 

5S9 Z 

561 Z 

623 Z 

482 Z 

3 629i 

3 662, 

3 679, 

1 3 691, 

1 3 696, 

1 .3 696, 

I^No a*pha»o line 

3 627, 

3 tl67, 

.1 673, 

3 693, 

3 696, 

3 m\ 

H present 

3 628, 

3 669, 

3 676, 

.3 676, 

3 693, 

3 695, 

3 696, 

3 028, 

3 659, 

y 3 674, 

3- 091, 

3 695, 

3 692, 

3-phafle 

614 Z 

No jS- phase lines piesent 



689 Z 

2 913, 

2 044, 

2 942, 

2 942, 

661 Z 

2 942, 

2 942, 

2 942, 

2 942* 

623 Z 

2 946, 

2 946, 

2*946, 


482 Z 

2 940, 

2 94H, 

2 940, 

- 


No marked change is shown m the p phase ; this is to be expected since it 
exists within very narrow limits, namely, 2-943 A. to 2*960 A. Slight changes 
arc to be observed in the values of the a phase parameters, but after 18 hours 
little change takes place ; even after 9 hours, the effect is small. The experi- 
mental error in determining these parameters was taken to be 1 m 4000 since 
the reflection linos were far out on the photographic film. The variations 
observed in the parameters for annealing times greater than 18 hours are 
therefore mainly due to experimental error. The alloys marked 689 Z and 561 Z 
are in the (a + P) region, and show that 9 hours annealing is sufficient to 
produce a constant parameter. This comparatively short time of annealing 
18 attributed as previously stated to the presence of the p phase. 

II. — jDcterfntno^ton of Phase Boundaries. 

When the solution of one metal takes place in another, the solute atoms, m 
most of the cases that have been investigated, replace some of those m the 
solvent lattice. At the present time, it is not knovm if this replacement 


2 K 2 
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takes place orderly or at random. There is, however, a change in the lattice 
dimensions. This may be an increase as when zinc dissolves m copper, fig. 3, 
Plate 19, or a decrease us when zme dissolves in silver ; the change depends 
upon the relative “ size ” of the two kinds of atoms. A saturation point is 
reached when no more solute atoms can enter the lattice, and at this stage the 
dimensions or parameters become constant. As in all solution phenomena, 
this saturation limit will depend upon the temperature. 

In the case of alloys when tlie solute atoms arc still further mcreased beyond 
the saturation limit, a now constituent or phase is produced. In no case 
docs this second phase consist solely of the solute atoms. This second phase 
usually has a different lattice form and parameter from those of the first 
phase, and thes(i exist together with the first phase in mixed regions over a 
range of composition. To accommodate the change in composition across a 
region of a pure phase, the lattice parameter must change, if, as is usually the 
case, the sizes of the two kinds of atoms ar«‘ different. In the n‘gions con- 
sisting of two phases, the mixed regions, it has been found that the parameters 
of both phases remain constant This indicAtes that both the lattices are 
saturated and therefore of fixed compositions, so that to accommodate the 
change in composition of the alloys across the mixed region, the relative 
amounts of the two phasc^s must vary. In regard to the two mixed regions on 
either side of a pure phase, the saturation parameter of this phase depends 
upon the other phase present. For example, the p phase parameter m the 
(a + P) region in the Cu Zn senes is less than that in the (p -f- y) region. The 
Y and t phases show similar changes m their saturation parameters m the 
adjacent mixed regions. 

The above phenomena relating to the parameters of the phases in pure and 
mixed regions form the bases of the X-ray method of determining the boundaries 
of the thermal diagram. The method depends upon the following conclusions, 
which have been established by expenment when the annealing temperature 
is constant : (1) When the parameter of a phase, or more strictly the mean 
atomic volume, changes with composition, a pure phase region is indicated. 
(2) When the parameter of a phase remains constant with changing composi- 
tion, this indicates a mixed region ; this is confirmed by the presence in this 
region of a second phase of constant parameter. (3) In the case of close- 
packed hexagonal phases the behaviour of the moan atomic volume is taken as 
the criterion though both the base side (a) and the axial ratio (c) in the Cu-Zn 
alloys appear to follow independently the behaviour of the parameter as 
mentioned above. 
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Hence the boundary of a phase is given by the composition at which the 
constant parameter in the mixed region meets the curve representing the change 
in its parameter with composition in the pure region, and the accuracy with 
which the boundary can be fixed, depends upon the accuracy with which the 
lattice parameters can bo determined. 

Having found that the “ as cast ** alloys gave the same parameters as the 
“ lump annealed ” specimens when the composition was taken into account 
and when the filings were annealed at 500® C., the next step was to investigate 
what values were obtained with filings annealed at vanous temperatures. 
For this purpose a number of alloys in the “ as cast ” condition was made up 
to represent the a and the (a + P) regions. Filmgs from the alloys were 
annealed in vamo as previously, at 400® C., 600® C , and 800° C. The samples 
were cooled m air from 400° C. and 500° C , and quenched m iced water after 
annealing at 800° C. After photographing m the precision camera, the filings 
wei*e taken off the aluminium foils on which they were mounted and their 
copper content determmed by chemical analysis Table IV gives the results 
obtained for parameter and composition at the different temperatures chosen. 


Table IV 


VUoy 

niarki^. 

Per tent ttippt^r 
in hlinps 

a>pha80 o 
parameter (A ) 

1 

Annealing temperature 
of Hlingfl 

897 Z 

752 Z 

614 Z 

589 Z 

528 Z 

1 

88 7 

75 2 

61 5 

58 9 

52 3 

3 628, 

3 661, 

1 3 693, y 

3 693, 

3 ti94o 

tOU" C. all fooled. 

897 Z 

752 Z 

673 Z 

631 Z 

BUZ 

589 Z 

56! Z 

561 Z 

89 .1 

76 4 

70 3 

62 8 

61 7 

59 9 

58 i 

57 6 

3 629, 

^ 657, 

3 673, 

3 092, 1 

3 693, f 

3 695, 

3 695, 

3 695, 

1 

.TOO Ml aircooled. 

897 Z 

89 8 

3 ««94 


752 Z 

75 3 

3 662, 


673 Z 1 

68 0 

3 679, J- 

800® C water quenched. 

031 Z 

62 8 

.1 686, 


614 Z 

62 9 

3 686, 



The figures in Table IV are plotted in the graph shown in fig. 4, m which it 
is observed that there is no change with temperature of annealmg in the value 
of the a-phase parameter in the pure region, when the composition remains 
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constant. The annealing treatment given to the filings is therefore sufficient 
to produce the true equilibrium condition without a prolonged “ lump anneal- 
ing ” operation. The saturation parameters for 400° C., 600° C. and 800° C., 
are slightly different, sliowing that more zmc can go into solution at 500° C. 
than at 400° C. and 800° C. 

In order to determine the saturation parameter at 800° C. attempts were 
made to obtam a range of composition m the (a + P) region at this temperature, 



FiO. 4. — Cu-Zn as oast. 

' O Annealed at 400^ C. X Annealed at 600*^ C. Q Annealed at 800° C 

but owing to the small range available, and also to the fact that the com- 
position could not be accurately controlled when annealing was carried out 
at this high temperature, only two photographs were obtained ; these gave 
the same parameter and the same composition (see Table IV). Since the 
initial ingot compositions of these two specimens were 63*1 per cent, and 
61 -4 per cent, copper approximately, but after annealmg both became nearly 
the same, 62*8 per cent, and 62 ’9 per cent. Cu respectively with parameter 
values of 3-686^ and 3*6863 A., the saturation parameter at 800° C. may, 
therefore, be considered to have the value 3*6864 ^* 
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The (a) “ (a + P) Boundary. — To determine the (a) — (oc + P) boundary, 
it was necessary to work with alloys, the compositions of which were m the 
(a + P) region over the whole range of temperature. In the Cu-Zn system a 
single alloy with ingot composition of 68-9 per cent, copper by weight sufficed, 
since with this composition it remained m the mixed region over the whole 
temperature range. To insure a true equilibrium state, this alloy was lump 
annealed at 500° C. for 3 weeks. This prolonged lump annealing was not 
essential m view of the foregoing results, but it was carried out as an added 
precaution to ensure homogeneity. Filings were then taken and annealed at 
various temperatures from 350° C. to 800° C. The samples m thin evacuated 
silica tubes were water quenched from temperatures of 600° C and above. 
Rapid air cooling was efficient enough to maintam the state at the Jowei 
temperatures. 

Chemical analyses were earned out on all the filings to ensure that their 
composition had not varied unduly from the initial composition of the alloy in 
the (a + P) range owing to the second anneahng process. Data given m Table 
V were obtained witli this alloy (marked 589 Z) 


Table V. 


1 

Temperature 

Paramet( i 

Per tent copper 
(by weight) 

(a) — (a -f P) boundary 

X-ray method. 

1 C.T. diagram. 

°C. 

, 1 
A. 


Per cent C’u 

Per cent. Cu 

800 

3 086* 1 

62 0 

6.5 4 

65 7 

700 

3 GOO. 

60 0 

63 9 

63 6 

650 1 

3 601, 

60 9 

63 6 1 

63-4 

000 ! 

3 694a 

60 2 

62 .5 ! 

62 4 

550 

3 694t 

59 5 

62 3 

52 3 

500 1 

3 606o 

59 5 

61 8 

61 7 

450 1 

3 600, 

59 2 

61 7 

61'7 

400 

3 6957 

59 4 

61 9 

61'6 

360 

3 094, 

69 S 

62 5 

__ 


The last column shows the reading of the boundary as taken from the Cu-Zn 
diagram of the International Critical Tables. The agreement over the whole 
temperature range is very close, the maximum difference being 0*3 per cent. 
Table VI gives the boundaries at certain temperatures obtained by Gayler 
and by Genders and Bailey* together with those obtained above. 

One advantage, which has already been mentioned, of the X-ray method 
over the quenching-microscopical ” method adopted by metallurgists is 


* ‘ J. Inat Met..’ vol. 33, p. 222 (1925). 
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Table VI. 


Temperaturo. 

Boundary compositions (per cent Cu by weight) 




1 

X-ray. 

Gayler 

Genders and Bailey. 

•c. 


j 


600 

62 5 

0 

62 6 

.'500 

61 8 

ei 8 

61 3 

470 



61*4 

61 1 

450 

61-7 

61 1 

01 0 

400 

61-9 

61 1 

61 0 


well illustrated by the above experjinental results, namely, that only one alloy 
is required to determine the boundary over the whole temperature range by 
this method, while at least two, and not necessanly the same two, are required 
for each temperature by the metallurgical method. For this latter method 
the two alloys must be such that one shows a pure region only and the other 
shows traces of the second phase in addition. If the boundary investigated 
varies greatly with temperature, a number of alloys of slightly different com- 
positions may be required before two suitable ones are found. The exact 
composition is them estimated as that at which the ser ond phase first biJgins 
to form. 

The (a + p) — (P) arid (P) — (p + y) Bourdanes — To investigate these 
two boundaries the following five alloys were (‘xamined : alloys 589 Z and 
561 Z in the (a -\- P) region, alloy 523 Z m the pure p region, and alloys 463 Z 
and 432 Z m the (P 4 y) region. After lump annealing, filmgs from these 
alloys were annealed at different temperatures and the p-phase parameter 
determined with the precision camera. In most cases the analysis was done 
on the sample after the annealmg operation on the filings, those are indicated 
on the graph, fig. 6. Other samples were taken to have the ingot composition. 
Table VII contains the experimental results obtained. 

The graph shows that for each temperature, the parameter remains constant 
over a range of composition, then nses and again becomes constant. The first 
constant parameter is that of the p-phase in the (a -f P) region and the second 
that of the p-phase m the ( P 4* y) region, fig. 6, Plate 1 9. For all temperatures in 
the pure p region the relation of parameter to composition is the same. From 
this graph the intersections of the constant parameter lines for each temperature 
and the slopmg Ime of the pure region give the required boundaries. In Table 
VIII are tabulated the figures giving the boundaries, and, for comparison, 
in brackets, those read off the I.C.T. diagram. 
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Fio 6. — Cu-Zn. p-phawe parameter at different temperatures and compositions. J^^gures 
denote annealing temperatures 0 Actual filings analysed after annealmg. O Ingot 
analysis before annealing. 

Table VII 


Temperature of 
annealing. 

Parameter 

Commsition 
(per cent Cu by weight) 

"C. * 

800 

1. 

2 934« 1 
2 9347 j 
2 938g 1 
2 941, 

2 046^ 1 
2 946i ! 
2 049, i 
2 950^ j 

62 7 

1 59 5 

56 9 

; 55 2 

1 52-7 

52 3 

i 48-4 

1 43-2 

700 

2 93G| 

60 0 


2 939, 1 

66-1 


2 9467 

1 52 3 


2 9497 

46 3 


2 949, 

43 2 

600 

2 941, 

59 2 


2 946, 

52 3 


2 948, 

45 3 


2 949, 

43 2 

500 

2 9427 

50 8 


2 942, 

59-6 


2 942* 

58 1 


2-942* 

56-1 


2 945| 

! 62 0 


2 949} 

1 40 4 


2 -9494 

42-2 
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Table VIL — (continued). 


Temperature of 

Parameter 

(‘umpi>8ition 

annealing 

(per cent (’ii by weight) 

®(\ 

e 

A 


400 

2 - 943 , 

00-4 


2 943 ^ 

« 0 -l 


2 943 , 

57 9 


2 943 , 

53 9 


2 946 , 

52 3 


2 949 , 

49-6 


2 949 , 

45 >3 


2 949 , 

441 

350 

2 944 , 

59-8 


2 944 , 

661 


2 040 * 

52 3 


2 950 , 

46-3 


2 950 , 

43*2 

Table VIII. 


Boundary compositiona (per oent Cu by weight) 

Temperature 



(.+ /})- (/S). 

(|9) -0 4 y)- 





800 

59 4 (61 2 ) 

50 1 (48 3 ) 

700 

58 7 (58 7 ) 

50-2 (48 9 ) 

600 

06 4 (66 6 ) 

50 6 (50 0 ) 

500 

54 6 ( 64 ' 4 ) 

50 - 7(50 6 ) 

400 

53 -8 (54 4 ) 

50 * 5(60 7 ) 

350 

63 3 (~) 

1 49 76 (-) 


Th(* agroenient with the exception of the 800° C. boundanes is quite satis- 
factory. 

The (P + y) — ' (y) Oie (y) — (y + «) Boundatw.— Seven alloys were 
used to derive these boundaries ; alloys 453 Z, 432 Z and 414 Z in the (P +y) 
region, alloys 387 Z and 363 Z in the pure y region, and alloys 304 Z and 246 Z 
in the (y + «) region. 

The annealing operations and general procedure were siinilar to those 
already employed for the other boundaries. The y phase parameters were 
determined from precision photographs and are tabulated for the various 
temperatures in Table IX. 
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TompeFftture. 


Parameter 


CompoRLtion 
(per cent. Cu by weight) 


^C. 

800 

A. 

8 830, 

8830, 

8- 838. 

43 2 

41 4 

39*6 

700 

8 824» 

45 3 


8-824» 

43 2 


8 831x 1 

41-4 


8 B41« 

38 7 

— 1 

8 8587 

35 3 

600 

8 820. 

45 3 


8 819, 

43 2 


8 831. 

41*4 


8 8.39. 

38 7 


8 850, 

35 3 

500 

8 819, 

42 2 


8 810(1 

43 2 


8 8294 

41 2 


; 8 838, 

39 0 


8 855., 

35 5 

460 

8 820, 

45 3 


; 8*819, 

43 2 


8 829, 

41*4 


1 8 8i0, 

38 7 


8 856^ 

35 3 

400 

1 8 823, 

45 3 


8 823, 

43 2 


> 8 829, 

41 4 


8 840, 

38 7 


8 860, 

35 3 

500 

8 873, 

30 4 

380 

8 874, 

30 4 

380 

1 

8 873, 

34 5 


The graph of these figures, fig. 7, shows that the relation between the para- 
meter of the Y phase and the composition is somewhat different from those for 
the a and p phases — it departs to a marked degree from a Imear relation in 
the pure region between 42 and 39 per cent, copper. It is at once nem from 
the graph that the (p + y) "" (y) boundary is not parallel to the temperature 
axis as shown in the LC.T. diagram, since the parameter of the y phase m the 
(P + y) region is not constant at al) temperatures, fig. 8, Plate 20. 

The experimental data on the (y) — (y + e) boundary are too few to deter- 
mine this boundary satisfactorily, but since the parameter at 500® C, and 380® C. 
for the alloys containing 30-4 per cent, and 24*5 per cent, copper are nearly 
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identical, this boundary is probably parallel to the temperature axis as given 
in the I.C.T. diagram at a composition of about 31 per cent, copper. 


A 



Copper , per cent by wciglit 

Fig. 7. — Cu-Zn. parameter at different temperatures and oompositions. Figures 

denote annoaliog temperatures. 0 Actual filings analysed after annealing. O Ingot 
analysis before annealing. 


In Table X are given the boundaries derived from the graph, and m brackets 
the I.C.T. boundancs. 

Table X. 



ilcundary compositions (per oont. Cu by weight). 

Tempt* ratuic 

(P hr)- (y) j 

(y) - (y - c). 




800 

700 

41 0(40) 

41 7 (40) 

— 

600 1 

42 2 (40) 1 

— 

^0 ! 

42 25 (40) ^ 

about 31 (31) 

460 

42 2 (40) 

— 

400 

41 '9 (40) 


380 

1 

about 31 (31) 


The (P + y) ^ (y) boundary, as now determined, shows a slightly higher 
copper content at all temperatures ; it shows further a small variation from 
temperature to temperature, as compared to a constant composition over the 
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whole temperature range as given in the I.C.T. diagram. The accuracy attain- 
able with the precision camera, together with the checking of parameters of 
different alloys in the ((5 + y) region, appears to establish beyond doubt that 
this boimdary is not at a constant composition over the whole range of tempera- 
ture. With a boundary of this nature, the existence of a true compound of 
fixed composition GusZng) is untenable. 

Condusions. 

The expenmental results indicate that the method of deterimning phase 
boundaries in alloy systems, which is based on parameter measurements by 
precision X-ray analysis, can be used to establish these boundaries accurately. 
Apart from the fact that this method is much more expeditious, the accuracy 
attainable is claimed to be at least equal to that of the metallurgical method 
of quenching samples followed by microscopical tixamination, or to that of 
other methods which make use of data from measurements of certain physical 
properties, such as thermal expansion, electric resistance, etc , The very close 
agreement of the X-ray method with other methods for the determination of 
the (a) — (a + p) boimdary of the thermal diagram, clearly demonstrates that 
the X-ray method gives true and accurate results since this boundary has been 
more accurately established by various methods and workers than any other 
m the system. It is probable therefore that the other boundaries determined 
here by the X-ray method, are very near to the true values 

The phase boundaries of the Cu-Zn alloys are shown in fig. 9, the dotted 
lines being reproduced from the LC T. diagram, and the full lines those deter- 
mined as explained above. The graph displays the following features : (1) 
The (a) — (a + P) boundaries are coincident wjthm experimental error and 
the error of reading the I.C.T. diagram down to 460® C. The X-ray method 
indicates a slight modification below 400® C. (2) The (a + P) — (P) boundanes 
show distinct differences at 800® C. and 400® C. (3) The (P) — (pH-y) 
boundaries show a decreasing variation from 800® C. down to 600° C. (4) 
The (p + y) — (y) boundary found by X-ray methods is not at a fixed com- 
position over the whole temperature range. It shows a maximum at about 
620® C. of 42*25 per cent. Cu ; at 800® C. and 400° C. it corresponds to 41 per 
cent, and 42 per cent. Cu respectively ; the I C T. tables show a constant 
composition of 40 per cent. Cu for the boundary The X-ray data therefore 
indicate that no compound of fixed proportions exists at this composition. 
(6) The (y) — (y + *) boundary is most probably vertical between 500® C. 
and 380® C. as given m the I.C.T. diagram. 
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Fig. 9. — Phase boundanes of Cu-Zn alloys, x By X-ray method. O International 
(Jntical Tables. • Genders and Bailey By X-ray. . . . 1 0 T. 

Summary, 

An X-ray precision camera has been employed to determme parameter 
vedues of the lattices of the different phases m the Cu-Zn alloy system. The 
accuracy attamed is at least 1 in 4000. Small ingots of the alloys were made 
and all samples before photographing were annealed to eliminate lattice dis- 
tortion and to produce the equilibrium condition. The annealing took two 
forms : the annealing of small lumps (about 1 c.c.) and the annealing of filings. 
It was found that, provided surface metal was discarded and the actual com- 
position of each reflecting sample was determined by chemical analysis, the 
annealing of filings from the “ as cast ingot was sufficient to produce the 
desired condition. 

From the composition-parameter relation of each phase, a method of 
determming the phase boundary compositions has been developed. This is 
based on the experimental data obtained with the alloys under investigation, 
which showed (1) the increase in parameter with composition in a pure phase 
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region to be independent of temperature, and ( 2 ) the parameter values of both 
phase lattices ina mixed region to be constant with change of composition within 
the region, but to change with temperature. At a fixed temperature, the 
constant parameters of a phase m its two mixed regions are different 

Alloys down to about 30 per cent, copper were made and annealing treatments 
over the range 800° C. to 360° C. were earned out. 

The copper parameter was found to increase in the pure «-region from 
3-607, A. for pure copper to the saturated values 3-694, at 400° C., 3-695, at 
500° C., 3-686, at 800° C. The («) — (a + P) boimdary was found to be at 
65-4 per cent. Cu (800° C.), 63 -9 (700° C ), 63 6 (650°), 62-5 (600°), 62-3 
(550°), 61-8 (500°), 61-7 (450°), 61-9 (400°), 62-6 (360°). The p-phase para- 
meter was found to vary between 2-934, A. at 800° C (62-7 per cent. Cu) and 
2-960, at 360° C. (43-2 per cent Cu). The (a + P) - (P) and (p) - (p + y) 
boundaries were respectively 59-4 and 50-1 per cent. Cu at 800° C , 58-7 and 
60-2 at 700°, 66-4 and 60 6 at 600°, 54-6 and 60-7 at 500°, 53-8 and 50-6 at 
400°, 53-3 and 49-75 at 360° The range of the y-phase parameter was from 
8 - 83 O 7 A. at 8 (K)" C. (43-2 per cent, Cu) to 8-874, at 380° (30-4 per cent. Cu). 
The (P + y) — (y) boundary was found to vary frbm 41 -0 per cent, at 800° C. 
to 41-9 pet cent, at 380“ C., with a maximu m copper content of 42-25 at 
about 600°-600° C. With a boundary of this nature, the existence of a true 
compound of fixed composition (CujZn,) is considered untenable Where 
possible, the boundary compositions found by the X-ray method were com- 
pared with those determined by other workers using different methods. The 
agreement is good and it is concluded that the X-ray method of boundary 
determination, in addition to being more expeditious, gives data at least as 
accurate and reliable as those derived from other methods hitherto employed. 


We wish to express our thanks to the Royal Society for a grant which enabled 
us to carry out the work. 



418 


A Study of the System Water-Phenol. Part I, — Densities. 

By Owen Rhys Howell, The College of Technology, Manchester. 

(Communicated by J. Kenner, F.R.S. — Received March 24, 1932.) 

Introduction, 

In order to throw further light on the conditions existing in a system of two 
partially miscible liquids, it was deemed of interest to measure some physical 
property of the solutions on both sides of the solubility curve, over the whole 
range of concentration, at a series of temperatures up to and above the critical 
solution temperature. 

The classical example water-phenol was chosen for study, and the densities 
of solutions of “ phenol in water ” and of “ water in phenol ” have been deter- 
mined every from 20° to 70°. The densities of the conjugate solutions 
have also been measured at more frequent intervals near the critical solution 
temperature. 

The viscosities and electrical conductivities have been determined over the 
same range and the freezing-pomts have also been examined These will be 
the subject of further communications. 

Experimental, 

Afo^ena/s.— The phenol was prepared from the purest detached crystab of 
Messrs. Graesser Monsanto, which contain only very minute traces of cresob. 
This material was re-distilled m a glass apparatus which had t>een steeped for 
a long time in chromic-sulphuric acid mixture before being thoroughly cleaned 
The whole apparatus was sealed, being open to the atmosphere only through 
calcium chloride tubes to avoid contamination of the distilled phenol by 
atmospheric moisture. The first and last 20 per cent, was neglected, and the 
middle portion, which distilled at constant temperature, was collected in a 
senes of tubes which were stoppered with corks covered with tm-foil and stored 
in a desiccator over phosphorus pentoxide. 

The scttmg-point of the distilled phenol, determined from the rate of cooling 
when bubbhng a stream of pure dry nitrogen through the molten material, 
was 40*85° i: 0*50°. The purity of the product is proved by the fact that the 
setting-point remamed unaltered after fractional crystallisation from the 
melt, further distillation and contact with anhydrous sodium sulphate. It 
IS interesting to note that this phenol, although kept m colourless tubes, remains 
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absolutely “ white,” no trace of any pink colour being developed even after 
more than 3 years. 

The values of the melting-point of phenol recorded in the literature cover a 
very wide range, but the majority lie between 40*6° and 40-8°. These values 
are slightly low, probably owing chiefly to the presence of traces of water, since 
phenol 18 markedly hygroscopic and water has a great lowering effect on the 
melting-point. 

It is remarkable that most text-books on organic chemistry still accept 42° 
as the melting-point of phenol in spite of the fact that the more reliable measure- 
ments are far below this figure, and that Egor* pomted out so long ago that the 
melting-point of pure phenol is not above 40*9°. 

The value now given is almost identical with that of Rhodes and Markleyf 
and very close to that of Hill and MalisoffJ for their highly purified products, 
viz., 40*8° and 40*92°, respectively. 

The water used was twice distilled m an apparatus of seasoned glass, with 
precautions to avoid contamination by grease and dust. 

SolutKma, — All the solutions were made up in flasks of seasoned glass pro- 
vided with ground stoppers. The requisite number of tubes containing the 
distilled phenol were carefully warmed to melt the phenol, which was then 
transferred as quickly as possible to the flask which had previously been 
counterpoised against anothc'r flask of approximately the same size and weight. 
After having cooled to atmospheric temperature, the phenol was weighed. 
The weight was corrected to vacuo, and the weight of water necessary to obtain 
the required solution was calculated and corrected to air. Approximately 
the requisite amount was added, the phenol dissolved by warming slightly and 
the whole allowed to cool to room temperature again, when the final few drops 
of water were added to make the correct weight. All concentrations are 
expressed as percentages by weight of phenol, i e , grams of phenol per 100 
grams of solution. 

The conjugate solutions at each temperature were obtained by warming 
phenol and water to above the critical solution temperature and allowing 
the mixtun* to cool with constant shaking to the desired temperature. It was 
found that separation into two layers was ext/remely slow, especially at the 
lower temperatures, the milky liquid showing no sign of separation even after 
several days. It was, therefore, necessary to add a trace of electrolyte to 

* ‘ Pharm. Z./ vol. 4ft, p 210 (1903) ; ‘ Chem. Z. Rep.,’ vol. 27, p. 86 (1903). 
t ‘ J. Phys. Chem.,’ vol. 25. p. 627 (1921). 
t ‘ J. Amer. Chem. Soc.,’ vol. 48, p. 918 (1926). 
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hasten separation, and in all the experiments throe drops of a 1 per cent, 
solution of pure sodium chloride were added to about 250 o o. of the milky 
liquid. This caused complete separation into two perfectly clear layers in a 
few minutes. The layers were carefully removed by means of a warmed 
pipette. 

Determination of Density. "-All measurements were made in a thermostat 
with a glass back and front, provided with a sensitive toluene regulator and 
heated by gas from a governed supply. The water in the thermostat was 
covered with a layer of high-boiling paraffin, which not only prevents evapora- 
tion but also helps to maintain a steady temperature. Two standard thermo- 
meters recently calibrated at the National Physical Laboratory to the nearest 
0-05® were used, and the working temperature wa.^ in every case steady to 
withm ±0-01®. 

The densities were determined m the manner already described* and are 
correct to the nearest figure in the fourth place of decimals. In determining 
the densities of the conjugate solutions, it was impossible to avoid some 
separation where the apparatus projected out of the thermostat liquid, but 
this was kept as small as possible, and the error is not large. 

The values adopted for the density of water are those of Thiesen f 


Density-Concentrahon Relation 

The densities observed at all concentrations at each temperature are collected 
in Table I, and the density-concentration curves are plotted in fig. 1. The 
values for the conjugate solutions are also included in the figure and the 
boundary curve drawn through them. 

The figure bears a striking resemblance to that of the isothcrmals of a gas 
near its critical temperature. The curve for 70® is just above the critical 
solution temperature, and shows the slight inflexion characteristic of the 
critical isothermal for a gas. Just as there is apparent discontinuity in the 
gas isothermals m passmg from the gaseous to the liquid region, so also there 
is no obvious continuity between the curves for the water-rich and phenol-rich 
solutions below the critical solution temperature. Some discontinuity may 
perhaps bo expected if, as is generally supposed, the solutions on one side of 
the boundary are of phenol in water and those on the other of water in phenol. 
It will be shown later that the conditions existing in solution are not as simple 

♦ HoweU, ‘ J. Ghem. Soc.,’ p. 158 (1927) ; p. 162 (1929). 
f Laadolt and BOnutein's “ Tables," p. 73 (1923). 
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as this, and it has not been possible to find a general equation to represent the 
density-concentration curves over their whole range. 

One very striking feature of the curve for each temperature is that a portion 
of it (on the phenol-rich side) is a straight line which, on production, strikes 
the value for water at that temperature. Evidently, therefore, over this range 



Fia. 1 . 

the change produced by addition of water to phenol in solution is different 
from that produced by addition of phenol to water initially. The significance 
of this will be discussed in a further communication. It may be noted here 
that this linear relation has been used to calculate the concentration of the 
phenol-rich conjugate solutions from their densities. The assumption that 
it holds up to this point is evidently justified from the general form of the 
curves, and especially that for 70°. 
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Densiiy-Tefnperature Rdation. 

The densities arc plotted against the temperature for each concentration 
in fig. 2. All the curves are perfectly smooth, and each is represented by au 
equation of the type 

rff = rfao* - a — 20) — [3 (^ — 20)*, 



Fio 2. 


where a and ^ are constants, the values for each concentration Ixung given in 
Table II. 

The densities calculated from this relation are given in Table I, and the 
agreement with the observed values is seen to be very good. 

Although both the density-concentration curves and the density-temperature 
curves are smooth, a very interesting characteristic revealing the conditions 
existing in solution is brought to light when the values of x and (3, the constants 
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in the density-temperature relation (Table II), are plotted against the con 
oentration, fig. 3. 


Table II. 


rich solutioiii 

Phenol- rich aolutiona. 

X 10‘. 

p X lO*. 

Cone, 
pc^r cent. 

a X 10*. 

fi X 10*. 

2 24 

3 70 

70 

1 

7*23 

1 37 

2 44 

3 S4 

75 

7 64 

1 00 

2 C4 

3 57 

80 

7*97 

0-67 

2 85 

3 50 

85 

8-12 

063 

3 02 

3 40 

90 ! 

8 26 

0-37 



06 

8*42 

016 



100 

8*70 ! 

0 



Fid. 3, 




426 


System WoJUf-Phmoh 

Ab might be expected from the considerations mentioned in discussing the 
density-concentration reflation , the two portions of the a curve, corresponding 
to the water-rich and phenol-rich solutions, are not continuous, but, in addition, 
there is a strong inflexion in the later portion at approximately 84 per cent, 
phenol. Although the p curve is not of the same importance, since a small 
change in the chosen value of a makes a correspondingly large difference in 
the value of p, it should be noted that the two portions of the p curve similarly 
are not continuous and that the later portion exhibits inflexion at the same 
point as the a curve. 

It may be mentioned here that the constants in the viscosity-temperature 
curves to be discussed in a further communication also show breaks even more 
marked than these, and at the same concentration. This concentration 
corresponds to equimolecular quantities of water and phenol, C^HjOH . HjO, 
83*93 per cent, phenol. 

The only known hydrate of phenol is the hemi-hydrate,* 2 C 4 H 4 OH . HjO, 
and this has been confirmed by a further investigation of the freezmg-points 
of the system which will be discussed m a further communication. It is 
interesting to note that although the hemi-hydrate is a well-defined crystalline 
compound, none of the density relations (nor, as will be seen later, those of 
other physical properties) show any indication of its existence in solution. 
It would therefore seem to be extremely unlikely that the relationship, indicated 
by the present results, between equimolecular proportions of water and phenol 
18 due to hydrate formation. 

There is, however, the alternative possibility that, in highly concentrated 
solutions of phenol, ionisation occurs in accordance with the scheme : 

CeHjOH + H,0 CeH,OH,- + OH' 

and the discontinuity in question could then arise from the formation of the 
compound [C.HjOHj*] [OH'], As the amount of water is increased, there is 
a transition to the well-known acidity of dilute solutions : 

CeHjOH + H,0 C.H^O' + OH,*. 

In subsequent papers describing the measurements, it is hoped to adduce 
direct evidence on this point, and, further, to examine the properties of sub- 
stitution derivatives of phenol. 

• Cklvert, ‘ J. Chem. Soo.,* vol. 18, p. 66 (1865) j Snuts and Maaree, ‘ Verb. Kon. Ahad. 
Wet. Amst.,* vol. 14, p. 192 (1911); Rhodes and Markley, ‘ J. Phys. Ofaem.,* vol. 2fi, 
p. 627 (1921). 
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Line of Mean Density, 

The denHity of a liquid and of the saturated vapour m equilibrium with it, 
approach with increasing temperature and eventually coincide at the critical 
temperature. 

The densities of the conjugate solutions of phenol in water and water in 
phenol are analogous. With increasing temperatures the solution of phenol 
in water becomes richer in phenol, and that of water in phenol becomes richer 
in water, so that the densities approach and eventually coincide at the critical 
solution temperature. The curve is shown in fig. 4. 



KK) 103 l>04 100 


Don illy, 

Via 4. 

For a liquid and its saturated vapour, Cailletet and Mathias* showed that 
the mean density is a linear function of the temperature : Law of Rectilinear 
Diameter, but Youngf showed that the mean density is more accurately a 
parabolic function of the temperature. 

• * 0. R. Acad. Sci. Paris,* vol 102, p. 1202 (1886) ; vol. 104. p. 1663 (168T) 
t ‘ Phil. Mag.,* vol. 60, p. 291 (1900). 
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The same relationship has now been found to hold for the conjugate solutiooa 
in the phenol-water system. Table III gives the temperatures, the observed 


Table HI. 


Tem^raturo 

Density 

Water layer 

Phenol layer. 

Mean observed. 

Mean calculated. 

20 

1 0056 

1 0515 

1 0285. 

1 0285. 

30 

1 0028 

1 0423 

1 0225, 

1 0225. 

40 

0 0M3 

1 0328 

1 -0160, 

1-0160. 

50 

0 0055 

1 0226 

1 0090. 

1 0090. 

60 

0-9018 

1 0114 

1 0016. 

1 0016. 

62 

0 9014 

1 0087 

1-0000. 

1 0000. 

64 

0 9912 

1 0056 

0 9984. 

0 9084. 

66 

0-9020 

1 0015 

0 9067. 

0 0967, 

66-4 

“““ 

■" 

— 

0 9905. 


densities of the two solutions, the mean of these and also the mean density 
calculated from the relationship : 

== — m (f — 20) ■— w (/ — 20)* 

where d is the mean density 

w --=5-7r) X 10“^ 

« = 2-50 X 10"®. 

The agreement is seen to be very good. 

It would be of interest to find whether this relationship is true generally for 
systems of two partially miscible liquids. 


Th^ SolubilUy Curve 

Determinations of the mutual solubility of water and phenol have been made 
by Alexejew,* Rothmund, f Friedlander,i Scarpa, § Timmermans, H and Hill 
and Malisoff.^ 

The most complete of the earlier investigations is that of Rothmund, whose 
results have been generally accepted, his curve having been widely reproduced 

• ‘ Ann. Physik,’ voJ. 28, p. 305 (1886) 

t ' Z. pbys. Chem.,* vol. 26, p. 433 ( 1808) 

I * Z phys. Chem.,’ vol. 38, p. 385 (1001) 

§ * J. Chim. phys./ vol. 2, p. 447 (1904). 

II * Z. phys. Chem.,* vol. 58, p. 120 (1907) 

f * J. Amer. Chem. Soc./ vol. 48, p. 018 (1026). 
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in the text-bookfl. The method of measuiement was to cool solutionB of 
known concentration until turbidity appeared and to warm again until it 
disappeared, the mean temperature being taken as that at which the solution 
iH saturated. 

The careful measurements of Hill and MalisofF were made with highly purified 
phenol. Those above 35* were made by the plethostatic method, but those 
below this temperature by measuring the volumes of the two phases which 
result when the two components are put together in two different but known 
ratios by weight.” 

The senes of density measurements given in the present paper afford a 
nt‘W method of determining the solubility curve. From the density-concentra- 
tion relations, quadratic for the solutions of phenol in water and linear for 
those of water m phenol at each temperature, it is possible to calculate the 
concentration of the conjugate solutions since the densities of these have also 
been determined. The values are given m Table IV, where those of Rothmund 
and of Hill and Malisoff are given for comparison and the whole are plotted 
in fig 5. 

Table IV. 


Tempera- 

tun* 

®C. 

Concentration in water layer. 

Concentration in phenol layer. 

Calculated 

from 

deneitiee. 

Rothmund's 

values 

Hill a 
Malisoff's 
values. 

1 

('alculatod 

from 

densities. 

Rothmund s 
values 

Hiua 

Malisofl's 

values. 

20 

8 12 

8-40 

8-36 

1 

71*8 

72*2 

72 2 

so 

8-86 

8 92 

9*22 

69*2 

60-9 

69*9 

40 

9-84 

0*78 

10*5 

66*1 

66 8 

65*7 

50 

120 

121 

12 5 

61*6 

62*8 

61*6 

AO 

J61 

171 

16*6 

55*1 

56 1 

55 0 

62 

17 7 

18-8 

182 

52 S 

53 8 

52-8 

64 

200 

20*9 

21 4 

49*8 

51-4 

1 48 6 

66 

24-6 

24-2 

— 

44*7 

46*8 

1 



The results arc in very good agreement with those of Rothmund for the 
water-rich solutions and with those of Hill and Malisoff for the phenol-iich 
solutions. 

Rothmund’s values give a comparatively symmetrical curve with the top 
smoothly rounded to the critical solution temperature. Hill and Malisoff*s 
curve 18 much less symmetrical and the top is very flat. The values now found 
from the densities confirm this ; the curve is unsymmetrical and the top is 
quite flat over a very wide range of concentration, about 15 per cent. 
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Line of Mean Concentration, 

The relation between the mean concentration of the two conjugate solutions 
and the temperature has been shown to be approximately linear for a large 
number of systems of two partially miscible liquids, and its resemblance to 
the law of Cailletet and Mathias has been discussed by Rothmund. 



Fig. 5. X Density detenmnations. • Rothmund, q Hill and Malisoff. 


Table V. 


Trmj^rature 

Concentration by weight. 

Concentration by volu 


Water 

layer. 

Phenol 

layer. 

Mean 

obe. 

Mean 

calc. 

Water 

layer. 

Phenol 

layer 

Mean 

ubs. 

Mean 

calo. 

20 

812 

71 8 

400 

40 0 

8 17 

76*6 

41*8 1 

41 8 

30 

886 

09 2 

39*0 

39 0 

8 88 

72*1 

40 5 1 

40*5 

40 

0*84 

06 1 

38*0 

380 

9 83 

68 3 

39*1 ' 

39 1 

60 

120 

616 

36*8 

36*8 

120 

63 0 

37 6 

37*5 

60 

16* 1 

65*1 

36 6 

36*6 

16 0 

66*7 

35*9 

36*8 

62 

17-7 

62 <8 

36*8 

35*3 

17 S 

68*3 

35*4 

36*4 

64 

20 0 

40*8 

34 9 

36 0 

19 8 

1 60*1 

35 0 

35*0 

66 

24*6 

44*7 

34*7 

34*7 

24 4 

44 8 

34*6 I 

34*6 

66 4 

— 

— 

— - 

34*6 



“ i 

34 5 


The values of the concentrations now obtained for the water-phenol system 
are given in Table V. As with the mean density, the mean concentration is 
not a linear function of the temperature but is related by the equation 
C,. = -a: (f - 20) - y (t - 20)», 
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where C is the mean concentration by weight 


a: = 9-0 X 10‘* 
j/ = 5-6 X 10-*. 

The calculated values are given and seen to be in good agreement with the 
observed. 

Since the densities of the conjugate solutions are known, the concentration 
by volume can also be found. The mean concentration by volume is also a 
parabolic function of the temperature which is given by the equation : 

C,. - Cao. 20) -y(t- 20)», 

where C is the mean concentration by volume 

a*' = 1-21 X 10-1 
y' == 7-6 X lO*"*. 

The agreement between the calculated and observed values is again satisfactory. 

The smoothness of the mean concentration curves is strong evidence of the 
purity of the materials, since Jones* has demonstrated (with the system acetic 
anhydride^petroleum) that very small amounts of impurity alter the shape of 
the solubility curve near the critical solution temperature, so that the line of 
mean concentration exhibits an abrupt bend in this neighbourhood. Hydrate 
formationf xnay have the same effect, but, as we have already mentioned, this 
does not obtain in the system water-phenol. 

Critical Sduiton Temperature, 

The critical solution temperature (consolute temperature) has been recorded 
by different observers at various temperatures from 6B*3° to 70*7°. 

There are at least three reasons for such a wide variation in the values found 
for this constant. Firstly, the critical solution temperature is profoundly 
affected by the presence of impurities, and many observers have not employed 
highly purified materials. Secondly, as Hill and Malisoff have shown, when 
sealed tubes are used for the determination, high values are obtained if no 
free space is left. They attribute this to the production of pressure, although 
the effect of pressure on the critical solution temperature is very small.t 

♦ ‘ J. Chem. Soo.,’ p. 1177 (1928). 
t Jones, ' J. Chem. Soc.,' p. 799 (1929). 
t TtmmermaDS, * J. OMm. phys.,' vol. 20, p. 491 (1923). 
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Thirdly, on cooling, solutions of water and phenol become opalescent before 
turbidity appears, and this is especially noticeable at and near the critical 
solution temperature. Most observers have remarked on this opalescence, 
which is very striking, and are agreed that it is probably due to the scattering 
of light owing to slight variations m density due to local inequalities m tempera- 
ture.* Different observers, however, might not agree as to the exact tempera- 
ture at which opalescence is replaced by turbidity due to the separation of the 
conjugate phases. 

The value of the critical solution temperature almost universally accepted 
in the literature is that of Rothmimd — ^viz., 68- 4®— but, as Hill and Malisoff 
have pointed out, this is definitely too high by 2"". 

Most observers find the critical solution temperature to be a little aliove 66° ; 
thus Friedlander gives 66-06° and Timmermans 66-09°. Although Hill and 
Malisoff record one value above 66°, they accept for the critical solution tempera- 
ture their mean of several readings, viz , 65-86 i 0-16°, which is definitely 
somewhat low, since we have actually determined the densities of the two 
layers which separate at 66°. 

We find the critical solution temperature to be 66-4°. 


CrUiml SidiUion Coticenlralion. 

The critical solution concentration (coiisolute concentration) has been 
determined by many observers by producing the line of mean concentration 
to cut the solubility curve. Sincie the mean concentration is not a linear 
function of the temperature, these results must be somewhat in error, especially 
as the top of the solubility curve is so flat. 

The relationship given above between the mean concentration, by weight, 
and the temperature, affords a method of calculating the critical solution con- 
centration with greater accuracy, see Table V. The value thus found is 
34-64 per cent. 

An additional and interesting check is obtained from the line of mean 
density, which enables the density of the critical solution to be cah.ulated, 
Table III. It has been shown that at each temperature the density-concen- 
tration relation for the phenol-rich solutions over a wide range is a straight 
line on which the value for water itself also lies. By plotting the slopes of 
these portions of the curves against the temperature, it is possible to find the 


♦ Smoluchowaki, ‘ Ann. Phyaik.,* vol. 26, p. 206 (1908). 
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slope at the critical solution temperature and thus calculate the critical solution 


concentration : — 

Density at 66-4° of the critical solution 0- 99650 

.. water 0-97985 

Difference 0-01665 


Slope of the straight line at 66-4'' = 4*81 X 10 * per 1 per cent., therefore 

Cone, of solution = \ ^ X lOO = 34-61 per cent 

4-81 X 10*^ ^ 

This 18 m excellent agreement with the value obtained from the line of mean 
concentration. We may, therefore, accept 34 • 6 per cent, as the critical solution 
concentration. Hill and Malisoff’s value is 34 per cent, and Rothmund s 
figure, which has formerly been generally accepted, is 36 per cent 


Suminary. 

(1) The densities of a senes of solutions of water and phenol of different 
concentrations suitably spaced over the whole range of miscibility have been 
measured at 20®, 30®, 40°, 50°, 60° and 70°. 

(2) The density-concentration curve for each temperature is complex, and 
there is no simple continuity between the portion for the water-rich solutions 
and that for the phenol-rich solutions. The curves are similar to the isothermals 
of a gas immediately above and below its critical temperature. 

(3) The density-temperature curve for each concentration, on the other 
hand, is smooth and is represented by the equation : — 

® — 20) + (3 (< -— 20)*, 

the constants a and (i having different values for the different concentrations. 

(4) The curves of the constants ac and ^ of the density-temperature relation 
plotted against the concentration exhibit inflexion at approximately 84 per 
cent, phenol corresponding to equimolecular proportions of water and phenol. 
No hydrate of this composition is known, and it is therefore suggested that in 
mixtures of water and phenol, ionisation occurs in two ways ; — 

C.HsOH + HaO - CeHjOH- , + OH' 

“riaHjO' + OH-a 
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Thio explains the absence of simple continuity in the physical properties of 
the water-rich and phenol-tich solutions. 

(6) None of the density relations gives any indication of the existence of 
the known hemi-hydrate of phenol in solution. 

(6) The denijities of the conjugate solutions have lieen determined. The 
Ime of mean density, as for a gas and its saturated vapour, is parabolic and is 
accurately expressed over the whole range by the equation 

4’'*" = dS?*" - 5-75 X 10-* (t - 20) - 2-50 X lO"* {t - 20)* 

(7) The concentrations of the conjugate solutions have been calculated from 
their densities and the solubility curve thus determined is compared with those 
found by other observers from direct measurements. 

(8) The line of mean concentration, like that of mean density, is parabolic. 
For concentration by weight it is accurately expre.ssed by the equation 

wt. cr“ = wt. csr - 9'0 X 10-*(« - 20) -- 5-5 X lO'* (< - 20)* 
and for concentration by volume by : — 

vol. Cr*” = vol. 0™““ — 1‘21 X 10”* {I — 20) •- 7-6 X 10** (t — 20)* 

(9) The critical solution temperature is 66 ’4®. 

(10) The critical solution concentration has been calculated both from the 
line of mean concentration and from the Ime of mean density, and found to be 
34 ‘6 per cent. 
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A Modified Method of Counting Particles. 

By L. H. C. TippetTj M.Sc. (Lond.), British Cotton Industry Research 

Association. 

(Commumoated by R H. Pickard, P.R S. — Received April 6, 1932.) 

Introduction and Summary, 

Many physical and biological experiments involve the counting of particles 
which are randomly distnbiited in space or time. For convenience, the whole 
of the space or time is divided into a number of zones, and the number of 
particles in each zone is counted separately. Thus, when using the hcemacyto- 
meter, the microscope field is divided into a number of squares, and when 
counting under the ultramieroscope snap ” readings are taken of a large 
number of small microscope fields. If a very large number of particles per 
zone is possible, but tlie average density is relatively low,* the frequency 
distribution of zones with 0, I, 2, etc., particles, as deduced from the laws of 
probabilities, is described by the Poisson senes, and this fact is sometimes used 
as a test of randomness and as a check on experimental teclmique. 

Assuming the true mean number of particles per zone to be (x and the number 
of zones counted to be N, the N counts giving an observed mean of m, the 
standard error of m, expressed as a ratio of \i, is well known to be \/l/{xN.f 
Thus, for a given number of zones, the greater the density of particles, the 
greater is the accuracy of the mean (so long as the Poisson distribution still 
holds) This is shown by the lowest curve of fig. 1 where the standard error 
of m for a single count (<T;a)> divicled by jx, is plotted against [x. 

Sometimes, however, it is inconvenient or impossible to work with high 
concentrations of particles, because when there are many particles in a zone 
it may be difficult or impossible to count them accurately. For instance, one 
particle may tend to obscure others, causing some to be missed m the crowded 
zones and resulting in departure from the Poisson distribution. Or if the 
particles are in Brownian motion, as they usually are if of ultra-microscopic 
size, a ** snap reading of the number has to be taken, and since few observers 

* These conditions are satisfied if the particles are very small, and the medium in which 
they are distributed is oontinuous, relative to the dimensions of the zone. See Rutherford 
and Geiger, * Phil. Mag./ vol. 20, p. 698 (1910) ; Student, * Biometrika,’ vol. 6, p. 351 (1907) ; 
and WiegnoT and Russell, * Kolloid vol. 52, p. 189 (1930), for examples. 

t True values of constants will be denoted by Greek letters, values estimated from the 
observations, by assuming the Poisson Law, will be denoted by Latin letters with the 
A supersenpt, and crude values obtained from the sample by plain Latin letters. 
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can estimate at a glance the number of more than three particles, the mean 
has to be kept so low that very few zones have more than three. Thus it is 
common to work with a mean of about 0*5 particles per zone, and, with such a 
low mean as this, a count of even as many as 10(K) zones only reduces the 
standard error of the mean to 4 • 5 per cent. 

There would consequently be a gain in accuracy (or for constant accuracy, 
an economy of labour) if the technical difficulties of counting the higher 



densities of particles could be surmounted This paper suggests a way of 
achieving this end. The method consists in making counts only on zones with 
few particles, those zones with more than a certain number of particles being 
classed together. The mean is estimated from the modified frequency dis- 
tribution so formed This method saves time, not only because relatively 
high concentrations of particles can be used, rendering comparatively few 
zones necessary for any giv<'n accuracy, but also because the numbers of 
particles in zones with only a few can be counted at a glance, and hence, very 
quickly. A further advantage arises from the fact that a greater range of 
particle densities can be investigated than might otherwise be possible. 

2 o 
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Modified Method of Estimating Mean, 

If all tho particles in zones with, say, t or fewer are counted, and the other 
zones are grouped together as having more than a frequency distribution 
of the form of Table I can be made, no, etc., being fractions of the total 
frequency. 

Table I. 


Number of particlee per zone 

0 

1 


9 


i 

more 

thanf 

Total 

Proportionate frequency of zones 

»o 



»• 


nt 

«r 

1 


Let be the number of zones with t particles or fewer, so that 

and let m* be the mean particles per zone, neglecting zones with more than t, 
so that 

m\ = 0 . Hq + 1 . % + 5 . n, + . n,. 

Then if m is the estimated mean of the Poisson series that best fits tho data, 
it may be found by solving the following equation, the proof of which is given 
in the Appendix ; 

m'n^ = 

The factors and n,, are obtamed from tho observations ; and 

involve only m as an unknown and can be calculated directly from it , values 
may be obtamed from Soper’s* tables of the Poisson distribution. For i = 5 1, 
2 and 3, njhf has been calculated from Soper’s tables, and is given in Table 
IV. Values of m which nearly satisfy the equation may be obtamed by tnal 
or from the nomograms mentioned later, and a more accurate value may be 
determined by interpolation. An example is worked out below. 

When i = 0, that is, when the zones are divided into two classes, those with 
particles and those with none, the value of m corresponding to any value of 
may be found directly from Soper’s tables. For i = 1, 2 or 3, m may be deter- 
mined accurately enough for many practical purposes from the nomograms of 
figs. 2, 3 and 4. The nomogram has throe scales, and m, and each 


* Peanon, ** Tables for Statistioians and Biometrioians,” Camb. Univ. Frees (19U). 
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figure has two such nomograms covering different ranges of m- The corre- 
sponding scales of each pair are drawn consistently in thick or thin lines, and 


2 0 2 
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it will be seen that if the left-hand scale of m covers the appropriate range, 
the left-hand scales of n^, and must be used in conjunction. In few 
places are imperfections of draughtsmanship likely to cause errors in m greater 
than 0-02 particle, while most determinations should be correct to 0-01 
particle. 

Since the nomograms and tables only cover a limited range of conditions, 
experimenters may often need to solve the equation from the beginning, and 
the following example illustrates the process. The data, given by Rutherford 
and Geiger (foe. cU,)^ arc numbers of a-particles emitted in intervals of 1/8 minute 
and from them the distribution of Table II is obtained. Now, the proportionate 


Table II. 


No of a* particles per interval 

1 0 

1 1 

1 

1 

1 

2 

1 

; 3 

4 

more 
than 4 

ToUl. 

Frequency of mtervaln 

67 

203 

1 383 

526 

532 

008 

2608 


frequency of mtervals with zero particles is 57/2608 = 0*0227, and, assuming 
the Poisson distribution, the nearest value of ih in Soper’s tables which has 
this frequency with zero particles is 3*8. Hence, to obtain m more accurately, 
the right-hand side of the equation will be calculated for m = 3-7, 3*8, 3-9 
and 4-0. From Table II, the following constants are obtained : — 


4672 

2608 


n« = -r-:; — 1 *7914, 

9 ' 


”r = S = 0' 34816, and = 0-65184. 
2608 


The first three columns of Table III are obtained from Soper’s tables, and 
from them and from the above constants, the values in the other columns are 
deduced. The last column contains values of the term on the right-hand 


Table III. 


A. 

ft,. 

*r- 



n — n 

», n,-. 


3-7 

0*193066 

0-312780 

0*617268 

0*21490 

0*43694 

1*6167 

3*8 

0- 194369 

0 -332166 

0*685144 

0*20372 

0*44812 

1*7029 

3 9 

0*195119 

0-361634 

0*654892 

0*19319 

0*45866 

1*7887 

4 0 

0*196367 

0-371162 

0 626366 

0*18326 

0*46868 

1*8743 
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side of the equation, and the value of m which satisfies it is a little greater 
than 3*9, and by linear interpolation between 3*9 and 4*0 it is calculated 
to be 


1-7914 - 1-7887 
1*8743 - 1-7887 


X 0-1 =3*903. 


Now, using another arrangement by counting only up to three particles per 
interval, = 0-9756, = 0-5521, and from the nomogram of fig. 4, 

?h = 3-91. If all the particles arc counted, Rutherford and Ginger give the 
full distribution, the mean equals 3-871. The difference m the results given 
by the three methods is much h-ss than the standard error of the mean. 


Standard Error of Mean 

Let the standard error of a mean, determined from the above equation, bo 
Ofl) and let p, and v (with appropnatc suffixes) 1 h^ true values of m and ft ; 
then <Ta for a single zone may be obtained from th(» following equation : 

As usual, when the true values of the (jonstants are unknown, estimates 
obtained from the sample are substitutc-d as a first approximation. In fig. 1, 
a;a/(x is plotted against p for ( = 0, 1, 2, 3 and co ; if there is a total of N zones, 
these values of a/nl\L must be divided by VN. 

As might be expected, the standard errors of the means obtained by the 
modified method are greater than those of moans obtained from the full 
distribution. For each value of t, there is an optimum density. When t ~ 3, 
this density is at about 4*2 particles per zone, when o^/p is 0*59 If now all 
particles are counted, with a mean of 0-5 (a common case of ultra-microscope 
observations), a^/p - 1 ‘43, and to obtam an accuracy by this method equal 
to that of the modified method with t = 3, nearly six times as many zones 
need to be counted, the number of zones for <*onstant accuracy varying inversely 
as the square of a,^/p. 

Goodfiess of Fu, 

Before any modified method is used, it is obviously necessary to test the 
basic assumption that the Poisson distribution applies. This may be done 
directly for a few representative test cases where all particles can be counted, 
or indirectly by using different concentrations of particles bearing known 
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relations to each other, and seeing if the means estimated by the modified 
method bear the same relations. 

Where this is not possible, the estimated frequencies in the modified dis- 
tribution may be found with the aid of Soper’s tables, and compared with the 
observed frequencies by means of the well-known P, test for goodness of fit. 
Since the total and mean arc both estimated from the sample, the degrees of 
freedom are two less than the number of frequency groups (t.c. = i), or 
Klderton’s tablesf should be entered at n* * * § equal to one less than the number 
of frequency groups (n' — i -f 1). 

The estimated frequencies for a mean of 3-903 and total of 2608 arc given 
in Table IV, and when these are compared with the observed frecjuencios of 
Table II, x*— 2-3G, w' — 5, and (from Eldertons tables), P=:0'7. When 


Table IV. 


N»j. of particles per zone 

1 1 

i “ I ' 

! 2 

i 

1 

3 

4 

More 
than 4 

Total 

Expected frequency per zone 
(M ^ 3 903) 

1 

1 S2 0 ! 205 4 

1 1 

1 1 1 

1 400 9 

521 5 

1 

|5O8>0 

918 7 

2608 


the Poisson senes is fitted to the full distribution (w = 3-871) and the same 
final grouping is adopted for comparison, ^ 2-97. The difference between 
the two values of y* is of no importance. 

It will be noted that when the mean is found by the modified method, no 
errors in y® are introduced by combmmg the tail frequencies, as is the case 
when the combination is done after the theoretical distribution has been fitted, 
see Sheppard, t and Neyman and Pearson.f 

Applications 

The saving in labour n^sulting from the adoption of the modified method of 
counting when applied to the ultramicroscope has been shown to be con- 
siderable. Even when it is possible to count every particle, time may bo 

* Fiflher, R. A., “ Statiafcical Methods for Research Workers,” 3nl od. Oliver and Boyd 
(1930). 

t Pearson, loc, cU, 

t Sheppard, W. F , ‘ PhU Trans / A. vol 228, p. 116 (1929). 

§ Neyman. J., and Pearson, E. 8., “ Further Notes on the /• Distribution,” ‘ Biometnka,* 
vol. 22, p, 298 (1931). 
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saved by adopting the modified method. With a density of 4*2 particles per 
zone, = 0*49 when all are counted, and 100 zones give the same accuracy 
as 140 counted by the modified method when t — 3. With the standard 
method, zones containing many particles take some time to count, while with 
the modified method they can all be estimated at a glance, and it may well be 
that 140 counted in this way take less time than 100 with every particle counted. 
The method could usefully be explored in places where a large amount of 
routine work is done, e.g., bacteriological laboratories. 

Where the counting is difficult, and involves eye-strain, it has been found 
advantageous to use the modified method with i — 1. Where there is con- 
siderable risk that the presence of even one particle may interfere with the 
observation of a second which may bo present, the modified method may be 
used with t — 0. When the true mean is 1*6, the standard error of the mean 
so estimated (expressed as a ratio of that mean) is only 1*24, and this is less 
than the corresponding standard error for when all particles are 

counted, that is, the accuracy of the modified method with t - 0 is greater than 
that with which many ultra-microscopists have to 1)0 satisfied. 

Besides resulting m a possible saving m time, these modified methods 
enable a wider range of particle concentrations to be used than is sometimes 
possible with the standard method 

Appendix 

Deduction of Formulw and Construction of Nomograms. 

Table V is a frequency distribution of zones, n, being the observed propor- 
tionate frequency with s particles, and n, being the corre.sponding frequency 
in the estimated Polssoii series. If the estimated mean is m, then 

and = 

0 « I 

Table V 

I 

No. of particles per zone 0 1 | * 

, ^1 . 

I 

Frequency of zones — 

Observed 
Poisson senes 
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EstimcUton of Mean 

The mean of the series, w, may be estimated by the Method of Maximum 
Likelihood,'*' and this is done by determining the value of ni which makes the 
quantity, 

£ n, log n, (1) 


a minimum, the summation extending over all frequency groups, 
the “ more than t ** group. 

Now 

~ w, log Ug — for s =0 to « = i 

dm m 


and 


1 loK tt, = I s' K - s‘ ^ 


including 


( 2 ) 


Hence, the differential of (1) with respect to m, equated to zero, yields the 
equation 

- S sw, - S n, -}- /I ^ ^ 0 ; 

m .-0 -..o «r 

or, putting S ~ rtp (— the proportion of zones with I particles or fewer) 

ir-O 

and H = m'Wp {tn = mean particles jier zone for zones containing t 

««i0 

particles or fewer), 

w'tt, = m(n^ — j . (3) 


Since and n,. involve only w as an unknown, and and are 

determined from the observations, equation (3) can be solved for m. A general 
solution has not been discovered, but it was found that a nomogram could be 
formed and three are given in figs, 2-4. The two sets of side scales m figs. 2-4 
are linear scales of and The jioints on the scale of m were determined 

empirically by assuming successive values of 77 i and finding pairs of values of 
m'n, and which would satisfy equation (3) ; lines were drawn cutting the 
side scales at appropriate values, and their intersection gave the position of m 
on the central scale. Three or more such lines for one value of m always 
intersected at one point. The ultimate choice of dimensions of the nomograms 
was made after several trials. It was found that the points forming the scale 
of m fell on lines which were nearly straight, and the final nomograms were 


* Fisher, * Phil. Trans.,* A, vol. 222, p. 309 (1922). 
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made by determining accurately 2, 3 or 4 pointa covering the range of the tk 
scale, joining these by one, two ot three straight lines, and thus forming the 
backbone. Then for intermediate values of m, corresponding population 
values of w'n^ and w,. wore found from Soper^s tables, and the intersections 
with the backbone of lines jommg these values on the side scales were marked. 
Thus, errors of draughtsmanship are least for the values of m'n,, and which 
are most frequently encoimtercd. This was found to be more satisfactory 
than the method of finding the points of m separately and joining them with a 
curve drawn by eye to smooth out small irregularities. 


Standard Error of Esiuncded Mma. 

If is the standard error of the mean, estimated by the method of maximum 
likelihood, 

1 s^ir 22 

( 4 ) 


1 ^2 
2 = ^ 


where the bar indicates the mean value of the quantity in all samples that can 
be drawn from the population. 

Differentiating equations (2) again, 


and 


^ n, log ^ ( »,_i — Ht - , 

cnir I 


whence, substituting in (4), 





(B) 


The mean values of the terms of (5) are the population values (denoted by 
corresponding Greek letters), and they must also satisfy equation (3). Hence 
the following equation may bo obtained. 



(IV, - (t®V,_i + jXV, - l). 


( 6 ) 


Since the frequencies in (6) are fractions, the standard error obtained is for 
a count on a single zone. 

When i = 0, 

= (^ — 1 ) = — 1 , 
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and when t — oo {i.e., when all the particles are counted), 

O/a* — (A. 

The points for fig. I were obtained from equation (6) with the aid of Soper’s 
tables. 


Table VI. — ^Values of 



1. 

2, 

1-3. 


1 - 1. 

1 = 2. 

i ^ 3 





2 6 

0 26360 

0 52131 

0 82414 





2 7 

0 24151 

0-48376 

0 77112 





2-8 

0 22144 

0*44930 

0 72220 





2 9 

0 20316 

0 41761 

0-67608 

0 5 

3-3620 

6 269 

7 21 

3 0 

0 18650 

0-38642 

0-63510 

0 6 

2-7013 

4 274 

5-88 

3 1 

0-17129 

0 36147 

0 59622 

0*7 

2 23106 

3 5034 

4*934 

3 2 

0 15738 

0 33656 

0*56007 


1 87996 

3 0320 

4 223 

3*3 

0-14466 

0-31351 

0-52640 

0*9 

1 60829 

2-6197 

3-671 

3 4 

0 13300 

0 29215 

0-40001 

1 0 

1 39220 

2 2m 

3 229 

3 3 

0-12231 

0 27234 

0 46060 

M 

1 21659 

2 0223 

2 860 

3 6 

0-11250 

0 25304 

Q-43S28 

1 2 

1 07132 

1 yim 

2 5687 

3 7 

0 10350 , 

0 23683 

0-41262 

1 3 

0 94939 

1-6117 

2 3166 

3-8 

0 09524 

0 22092 

0 38857 

1 4 

0 34582 

1 4S142 

2 0992 

3 9 

0 08764 1 

0-20611 

0-36602 

1*5 

; 0 76693 

1 31319 

1 9120 

4 0 

0 08065 

0-19232 

0-34485 

1 6 

0 67097 

1 19289 

1 1-7488 

4 1 

0 07422 1 

0-17946 

0-32496 


0-61285 

1 08733 

1-6052 

4 2 

0 06831 1 

0-16747 

0 30626 

■Ml 

0 55391 

0 99408 

1 4780 

4-3 

0 06287 

0 15628 

0 28867 

■in 

0*50186 

0 01120 

1-36460 

4 4 

0 05786 

0 14585 

0-27212 


0-46568 

0-83715 

1 26296 

4-5 

0 05324 

0 13610 

0 25663 

2 1 

0 41452 

0-77067 

1-17139 

4 6 

0 -04900 

0 12700 

0 24184 

2-2 

0 37768 

0-71072 

1 08853 

4-7 

0-04509 

0-11851 

0 22799 

2*3 

0-34461 

0-65646 

1 01323 

4 8 , 

0 04148 

0-11057 

0 21493 

2 4 

0-31483 

0 60719 

1 0 94458 

4 9 

0 03816 

0-10315 

0 20261 

2 5 

0 28793 

0 56231 

' 0-88177 

1 

5 0 

0 03511 

0 09622 

0 19099 
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The Collision of ol- P articles with Atomic Nudei. 

By H. S. W. Massey, B.A , M.Sc., Exhibition of 1851 Senior Student, Trinity 

College, Cambridge. 

(Communicated by R H Fowler, P.R S.—Received April 20, 1932 ) 

Since the mtroduction of the concept of nuclear potential barriers by Gurney 
and Condon'^' and by Gamowf a great deal of attention has been concentrated 
on the behaviour of such systems As a consequence of this there has been a 
considerable mcrease of knowl(*dge of nuclear phenomena, particularly in so far 
as these are concerned with a-particles. As a great proportion of experimental 
investigations in nuclear physics are concerned with tht; observation of effects 
due to impacts of a-particles on nuclei, the theoretical mvestigation of such 
collisions 13 of great interest. In this connection difficulties arise owing to the 
strong perturbation of the a-particle wave by the nuclear potential barrier 
This renders the orduiary theory of collisions, due to Born,i mapphcable and 
this failure of the usual theory was not realised for some time. A more suitable 
theory has never been developed explicitly, though formulas which one would 
expect to derive from such a theory have been used. In this paper a suitable 
theory is developed Besides establishing the validity of the abov<* formula, 
this theory is also applied to the consideration of the probability of a-particle 
exchange on impact and to the elastic scattering by light nuclei (Mg, Al, etc ). 

It IS shown that a-particle exchange is of considerable importance when the 
energy of tlie incident a-particlc coincides with that of a virtual level of the 
nucleus and will have the effect of broadening the level 

We will now consider the general theory 

1. General Theory, 

Let us consider the impact of an a-particle of mass M on a nucleus of mass 
M' such that MM7(M + M') is nearly equal to M. Denote the aggregate of 
co-ordinates of the nuclear particles by fu, of the incident a-particle by r. 
The wave equation for the combined system is 

[g^V* + H(rs) + E-V(f.rj,)jT = 0. (1) 

♦ ‘ Nature,’ vol. 122, p 439 (1928). 

t ‘ Z. Phygik," vol. 61, p. 204 (1028). 

{ ‘ Z. Phyeik,* vol. 38, p 883 (1926). 
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where H is the Hamiltonian describing the internal motion of the nuclear 
particles, V(r, fj,) the interaction energy between the incident particle and the 
nucleus, and E the total energy of the system. We require a solution of this 
equation which is finite throughout space and has the asymptotic form 

+ ( 2 ) 


for large r. Here are the wave functions of the various nuclear states 

and the wave numbers fc, are such that the conservation of energy is satisfied, 




{E.-Eo)}, 


where E, is the energy of the sth state of the nucleus, and that of the 
incident a-particle. Having obtained a solution in this form, the probability 
of excitation of a given nuclear level becomes 

Q. = |'j||/.(e,^)|«8m0d0rff (3) 


To obtain an approximate solution with these properties vre expand the func- 
tion T in the form 

T = S<l..(f„)F.(r). (4) 

Substituting (4) m (1) we find 

S. [g^ V* + (E - E.)] ¥. (r) 4-. = V (r, r ) T. (5) 


Multiply (5) on both sides by and integrate over all co-ordinates of the 
nuclear system. This gives, from the orthogonal properties of the functions 


In order to obtam a satisfactory approximation to the solution of this system 
of equations, we neglect the non-diagonal matrix elements of V with respect 
to the nuclear wave functions, except those associated with Fq (the incident 
and elastically scattered wave). We then obtam 

-f- (E - E.)] F. - j V (r, r^) U. dvs P. + j V (f . r^) U. dvr, Po 

s = 1, 2, ... 

V* + (E - Eo)] Eo = j V {r, r«) U, dvs Po- 


( 7 ) 
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Before considering the solution of these equations we will consider how the 
ejection of protons with a-particle capture, and also a-particle exchange, can 
be brought into the scheme. 

A solution in the form (4) above must include these possibilities and, just as 
for collisions of electrons with atoms where electron exchange may take place, 
they arise from the terms of T representing excitation of nuclear states such 
that F, corresponds to a negative energy of the a-particle. In order to obtam 
approximate equations for proton emission and a-particle exchange it is, 
however, not convenient to use the expansion above, but to expand in terras 
of the wave functions of the final system Wc take instead of (4) 

= (8) 

where (rjj') is a wave function of the nucleus formed by the collision, and 
Ts'i r' denote the aggregate of co-ordinates of the nuclear and outgoing particles 
respectively. If we are concerned with proton emission, the probability of 
finding the nucleus m the state ( after the collision is given by 

= ^ jh,(0,4)l"^'ti0d0d<^, ( 9 ) 

if 

For a-particle exchang<‘ wc must proceed as shown in section (2c), as the final 
nuclear states are then indistinguishable from those which occur in an inelastic 
collision without exchange. 

Proceeding as before, we obtain the equations 

V'* + (K -- Ee)] G, ^ I V (»', r^') T4i, rfiV (10) 

In order to approximate to the solution of this system of equations we neglect 
non-diagonal elements of V with respect to the wave functions of the final 
nucleus, and take 

T = G,(r')<J/,{0 + Fo('-)+o(^N). (11) 

for the calculation of G,. This gives 

[g^ V'* + (E - E,)] G, = j V (r', V) <1;, (r^') M G, 

+ |V (r'. r«') F„ (f) +0 (r„) {r^') dv^^ (12) 
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Having now obtained the differential equations for the various scattered waves, 
we will investigate the solutions of the equations and the formulee these solutions 
lead to. 

ScliUion of Equations — The equations occurring are all of the form* 

- V (r)] X =■ (r) P„ (cos 6). (] 3) 


We require solutions of these equations satisfying the following conditions : — 


(1) For large i* they must tend to — / (0) ; 

T 

(2) They must be finite and single valued everywhere. 
Expanding x in the form 


L = X« (»■) P« (c«»' 0), (14) 

we find 

(^/n) + I - V (r) - (rx„)= rfl„ (r). (15) 

Now if L/, L„' are two independent solutions of the homogeneous equation 
j^ 2('7J - V (r) - rx„ 0, (16) 

the general solution of the inhomogeneous equation (15) takes the form 


/n 



(O V(r') r'*rfr' + 



a„(r')V(r')r'»<ir', 


(17) 


Cj, Cj being arbitrary constants. Then, if we choose the solutions so 

that J8 finite everywhere, and tends asjnnptotieally to 


cos {kr - 1 (n | 1) t: + 8„}, 
and Lf tends asymptotically to 

r ’ 


(18) 

(19) 


a solution of (Ifi) satisfying the required conditions, will clearly be 

x„ - 1 [l„- j' «„ (/) L,/ (/) r'Mr' + W [' a„ (r') L„« (/) dr’}, (20) 

* This fotm iH Htiictly correct only when the final nucleus is in an 8 state and ho has 
a sphencally symmetrical field. When it m not wc may imagine the field as averaged 
over all oiientations before solving the equation. 
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X» j^a„(r')W(r')r'‘dr'. (21) 

Substituting in the expansion (14) we find then 

^ ^ V I* o„ (r') V (r') (22) 

In order to obtain this sum in a closed form as an integral it is easy to see 
that, if we write 

S„a„(r)P„ (co8 0) = H(r. 0), 

then 

X ~ T- [h (»■'. 9') y ©') «*»'. (23) 

47c r J 

where F (r, 0) is the solution of the homogeneous equation which tends asymp- 
totically to 

Y (2w + 1) i 4- i) TT -t- 8^} P„ (cos 0), (24) 

i.e., 18 the wave function representing the motion of a-particlcs in the field, 
»o normalised as to correspond to an incident plane wave of unit amplitude and 
an associated converging spherical wave. The angles 0\ 0' are the angles the 
directions of the incident and outgoing plane waves, respectively, make with 
a fixed axis. Solutions normalised in the same way as F (r, 0) will be denoted 
by German script as 3 (r, 0). 


2 Application of the Solutions. 

(a) Inelastic Collisions without Exchange or Proton Emission . — For these we 
have the differential equations 

[v* + ^ j V (r. r^) I F. - ^ [ V (r. r^) • (25) 

Using (23), the required asymptotic expansion of the solution is simply 
27cM c’**'" I 


F. 


A* r 


j V (r, r^) (rj,) 4 '. (»’n) F# 3 . (r) dv^ dv, (26) 


where g, is the solution of the homogeneous equation corresponding to motion 
of a-particles in the field of the excited nucleus. 

Substituting in (SJ) the cross section corresponding to this excitation is simply 

== * j j [ ® 

2 H 
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This formula is just the one used without proof by Qamow in Chapter IV of his 
book,* for Fq, g, are the incident and final wave functions of the colliding 
a-particle m the fields of the initial and final nuclei respectively. They are 
functions already perturbed by the interaction energy. It is perfectly clear 
from this formula that the first approximation of Bom*s theory would be 
completely inadequate as Fo(f), g, (f) differ very greatly from plane waves in 
the region of the nucleus from which comes the main contribution to the integral 
above. 

The order of magnitude of Q, has already been estimated by Gamow and 
will not be investigated here. 


(b) Proton Emission mth oi^parttrle Capture . — ^For this we have 
{ V (r', r^') 4 ,, (r^') M <i%'] G, (/) 

^ I V (/, r^') Fo (r) 4^0 (*'n) (V) dv^'. (28 ) 

Using (23), the asymptotic expression of G< becomes 

G, ~ ^ ^ j V (/, V) Fo (r) +0 K) (rs') (/) do^' do, (29) 


SO the probability of excitation with proton emission is 




¥ k 



V (r r^') Fo (r) ij^o M M (/) dv ' sin 0 dQ. (30) 


This IS the formula used by Gamow on p. 96 of his book, Fq (r) ^o (^n) 

(^) being the initial and final wave functions respectively. As 
Gamow has already estimated the value of we will not proceed any further 
with this. 

(c) cn-parltde Exchange . — In this case we have an exactly similar formula 
to that above with M' = M. However, the effect of this a-particIe exchange 
cannot be represented by the addition of the correspondmg cross section to 
that of the non-exchange process, for we must obtain the wave function of the 
system of nuclear plus incident a-particles, symmetric in all the a-particle 
co-ordinates. 

If N is the number of nuclear a-particles the co-ordinates of which wo denote 
by Tj, . the incident a-particles being distinguished by the suffix N -f- 1 , 


* ** Atomio Nuclei and Radioactivity/* Oxford Uaivereity Frew. 
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the wave function Y .. , r^, fji-i i) obtained above will have the asymptotic 
form 

^ (r„ . , r^. rN+i) - S. (r„ , r^) /, (6, 

>^N + 1 

+ Sj 4^, (rj, 1 flV n, ^ ^ 

+ ^oi'Tv 

The wave function symmetric in all the a-particles will then be 

‘ ^v\v > N+i» ^p)* (3S2) 

Using this function to compute the ratio of scattered current to mcidont, we 
find for the total cross section corresponding to the excitation of the jth nuclear 
state, 

Q. - 1* j I /. (0, <f>) + %. (9, <!>) 1* Mil 9 rfe d<l, (33) 

For the moment we will restrict ourselves to the case of elastic scattermg 
only. Then, taking ^ = 0, we have, using (29) above, 

9o (0. ^ } V (/, fj,’) Fo (r) +0 (r„) (r^’) (/) dv^' dv\ (34) 

for in this case (^| is simply equal to 5o» ^tioth the incident and ejected a-particles 
moving in the same field. The functions are nonnalised to represent an incident 
wave of unit amplitude and the associated scattered wave. 

3. Estimation of the Exchange Effect, 

In order to estimate the magnitude of the exchange effect we use a method 
very similar to that used by Uamow (toe. ci!t.) m considering the emission of 
protons. 

We expand Fq and V (r', m a senes of spherical harmonics and take the 
ground state of the nucleus to be an S state. Then 

Fo - (2n + 1) Fo” (r) P„ (cos O) ^ 

3o = (2n + 1) Fo” (r) P„ (cos 6) ^ , (35) 

V(/,r)-i:„V„(r',r)P,(co8Y) J 

where y is the angle between the vectors r', r. Substituting m (34) wo find 

9f^ (0. I’n (COS 6) 1 1 V, (/.r)Fo» (r) F„“ (/)^(r)x^(rW‘f»drdf\ 

* (36) 


2 H 2 
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where Xo wave function of a single a-partic)e in the ground state. It is 
clear that, since x (^)) Xo (^') negligible outside the nucleus of radius fQ, 
the only appreciable contribution to the integral arises from the region inside 
the nucleus. As a consequence we need only consider the form of the various 
wave functions in this region. These may be written m the form 

(37) 

where Q is the volume of the nucleus and is given by* 

j _ 4rt*Z<>* 4rte'\/2M /, , A* «(n + l)\ .og. 

I jj j— V2Zr. (1 + <“> 


The plus Sign is to be taken only at a resonance level, the negative sign in all 
other cases. represents a wave of approximately unit amplitude and Xo 
IS normalised in the usual manner. 

Substituting these expressions we find 


(fo ( 6 . (««« \ (") (»■') ^ mr') r^r^drd/. 


The integral is a certain mean of the interaction energy, which we may denote 
by V„, giving finally 


Jo (3. <l>) - 


2nM 


V. P„(coa 0). 


(40) 


The chief interest of this formula is that it shows that the probability of 
a-particle exchange is very small except at a resonance level, owing to the 
presence of the term 


At a resonance level one must take the positive sign for the exponential and 
the formula (40) cannot then be regarded as valid. It shows, however, that 
the effect of exchange will be large under these conditions. This would be 
expected since it is clear that exchange will only take place with appreciable 
probability if the wave functions of the two exchanging particles overlap. At 
a resonance level the overlap will be considerable and so we expect the above 
result. 


* ThiH formula holds provided nia not too large. When n la large then V* will be very 
small and such terms may be neglected. 
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The most interesting effect of a-particle exchange is that it will result m a 
broadening of the level, as may be seen from the following considerations. The 
breadth of a level is inversely proportional to the time that the a-particle stays 
in the level. If there is a considerable probability of the a-particle exchanging 
places with another in a lower state this time will be reduced and the level 
correspondingly broadened. 

The effect of a resonance level on the direct elastic scattering has been 
investigated by Mott.* Any deviations from the results which he obtains 
must be due to a-particle exchange, and it would thus be of interest to 
investigate experimentally the deviations from classical scattering under these 
conditions. 


4. Anomalous SoaUenng, 

The anomalous scattering of a-particlcs has excited considerable mterost, as 
it appears to offer a means of determmmg the nuclear field of force. Thus on 
classical theory it was possible to derive the form of the law of force which would 
give rise to the observed scattering, but it soon became clear that laws deduced 
in this way were of little significance. The classical theory could not be 
expected to hold. A number of attempts were then made to use the first 
approximation of Bom’s quantum theory of collisions in order to derive the 
law of force Such methods gave results of as little significance as those given 
by the classical theory. This is due to the fact that the first approximation 
of Bom’s theory calculates the scattering by integrating the amplitude of the 
spherical waves scattered from each element of a plane wave and neglects the 
contribution from the scattered waves themselves. For the case of particles 
moving m a powerful repulsive field this approximation is a very poor one, for 
the effect of the field is to prevent the wave penetratmg withm a certain effective 
diameter so giving no contribution to the scattered amplitude integral from 
the enclosed region. In Born’s first approximation this is just the region 
which gives rise to the greatest contribution to the integrals concerned. As a 
consequence the first approximation gives much too groat scattormg and this 
was exhibited by the very small nuclear radius obtamed with its use. 

It is therefore necessary to obtain a more exact solution of the equation (7) 
representing the elastic scattering. Beckf considered this equation in general 
terms and showed how a qualitative interpretation of the experimental observa- 

* ‘ Proc. Boy. Soc.,’ A, vol. 133, p. 228 (1931). 
t ‘ Z. Phyaik; vol. 62, p. 331 (1930). 
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tions could be made in terms of the nuclear radius. The quantitative applica- 
tion of this method is very lengthy, but has been carried out by Taylor* for 
the scattering by hydrogen and helium with very interesting results. For the 
heavier light elements such as aluminium the complication of calculation is 
very much greater, and m any case it is clear that it is not possible to determine 
the nuclear field from the observations, for the following reasons. All that we 
can hope to obtain is the height of the potential barrier and a rough idea of the 
rate of fall of the potential near this peak. 

Consider the impact of an a-particle on the nuclear potential field. Slow 
a-particles will not be affected by the field as their density in this region is, 
in any case, very small. Unless I he a-particle penetrates appreciably the 
deviations from Rutherford scattering will not be great and can be considered 
merely as a small perturbation of that due to the Coulomb field. Measure- 
ments of such deviations will only give the radius of the nucleus and practically 
no information as to the internal field. When the a-particle penetrates 
considerably we may neglect the effect of the Coulomb field and the problem 
of the scattering of a-particles becomes precisely similar to the scattering of 
slow electrons by atoms. Owing to the overlap of the wave functions of nuclear 
and incident a-particles, a-particle exchange becomes important and also 
the perturbation of the nuclear field by the incident particle, just as in the 
case of the scattering of slow electrons by atoms. The mt reduction of these 
effects prevents any significant determination of the nuclear internal field. 
It is true that a field may be obtained which gives the observed results, but 
Bucli a field is not of any great physical significance. 

It appears then that it is only possible to determine the nuclear radius and 
this may be done by means of an approximate method which will now be 
described. This method only applies when the perturbation of the incident 
wave (by this is meant the wave incident in the Coulomb field, not a plane wave) 
is small and the scattering does not deviate greatly from classical scattering. 

The equation for the elastic scattermg without exchange is 

[v» + P-®^V(r)]F„ = 0, (41) 

where 

V (r) = j V (f, Tn) I (»•») I* (42) 

♦ ‘ Proc. Roy. !Soc.,’ A, voJ. 134, p. 103 (1931) ; ‘ Nature,’ vol, 129, p. 66 (1932) ; and 
in course of publication. 
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and is the potential of the static field of the nucleus. We then write (41) in 
the form 

^ V* -f ^ V' (r) (43) 

where V' (r) represents the doviationof the potential from the Coulomb value. 
A solution of this equation is required which will tend a83anptotically to the 
sum of an incident and scattered wave. To obtain this we expand the function 
tj; in the form 

^> = 2,A.4;,(r)P.(cose). (44) 

giving 

d* / I \ I fw Ze^ H (« + 1) 1 , . ^r/ / w i v /^r\ 

^ (r+,) + 1 F - -jjj- = _ V (r) (45) 

In order to solve this equation approximately we consider the right-hand side 
as a known function by neglectmg the efiect of V' (r) on the wave function 
in the first approximation. Now it has been shown by Gordon* tliat solutions 
of the equation with V'(r) zero may be obtained which have the asymptotic 
form 

rL/ (r) cos {h — n log 2 At — ^ (^ + 1) tu + o,} 

rli/ (r) ^ exp ± i {Ar — n log 2kr — + i) tc + oj, (46) 


respectively. Here 

_ 47c2Me*Z 2nZe^ 
” " kh* ~ hv 


and a, == arg T (in + 8+ 1). 


The first of these solutions is finite throughout space, and so is the solution 
which represents the scattering of waves by the Coulomb field, Gordon 
.showed that 

S, A,L/ (r) P. (cos 0), 

represents a plane wave of unit amplitude and the corresponding scattered 
wave, if 

A, = ^(2M- ])»'*'*. (17) 


Accordingly we take for the function on the right-hand aide of (46) 

= ^‘(2s-f l)e<'.V(r). 


* ‘ Z. Phywk,’ vol. 48. p. 180 (1928). 
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We then have to solve the equation 

^ (r^.) + (i® - (r+.) = ^ V' (r) »• (2* + 1) e‘'. rL,« (r). (49) 

The solution of this inhomogeneous equation may be obtained by using exactly 
the same methods as were used in Section 1, the functions L,° (r), L/ (r), cone- 
spending to these functions (r), L,* (r) of formula (17). Wo thus have for the 
solution 

(r) + |l/ (r) j' V' (r') L.« (r') L/ (r’) A. r'* dr' 

+ W (r) V' (r') TV (,') L/ (/) A. d/.] (50) 

llHing the asymptotic expressions (46) for Ij,® (r), L/ (r), we find for the 
asymptotic form of the approximate solution of (45), satisfying the required 
boundary conditions 

^ ^ i^aC**'* (2« + 1) U* cos [kr — n log 2kr — |(.s 4- 1 ) tt + cr,} 

fCi 

+ exp t (At — M log 2kr) i [ V' (/) L/ (i ') L/ (/) A, dr'] P,cos 6). 

• (61) 
In order to sum this series we make use of parabolic co-ordmatos as was first 
suggested by Gkirdon (toe, at.) and carried out by Temple.* Using those 
co-ordmates it was shown that 

-] 1 * (26 + 1) V (r) P, (cos 0) = r (1 -H m ) » L (2iJkr sin* 10, tn), 

* ( 62 ) 

where the function L (u, n), has been expressi^d m the form 

L(tt, « ) = - £ ®"«- » Ip (2 Vm*) dx, (53) 


by Sonimerfeld,'!' and has the asymptotic form 


f**'""* L(«, n) 


r (1 + tn) 


I (ir Loa e + n log 2kr sin* if*) 


— ^ - n log Ztr sin' + 2ir,)l /• i v 

4ifcr8mn0 J‘ ^ ' 


* ' Proc. Koy. Boo./ A, vol. 121, p. 673 (1928). 

t ‘Ann. PhyiUc,’ vol 5, p. 267 (1931). 
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In order to complete the summation we require also 

I -* (2* + 1) L,« (r) P. (cos 0), (55) 

which may be obtained from (62) by changing 6 into tc — 6. We therefore 
obtain for (56) 

c-*'” r (1 + in) ® L (2ikr cos^ ^(j, m). 

It 18 then easy to see that the series (51) may be summed to give 

J; ^ ^ gt(l:r-n lo« )Lkr nln» i« + 2<r,) 

2At sin* 

— e‘(*r-« log ikr)-nw |p ^ 

X j V' (r') L (2ikr' sin® J0', in) L {2tkr' cos* i©/, in) dv', (56) 

where and are unit vectors m the direction of incidence and observation 
respectively and G', 0^ arc polar angles measured with respect to these vectors 
as axes The first term represents the mcidoat wave, the second the wave 
scattered by the Coulomb field, the third that scattered by the anomalous ” 
field. The ratio of the scattering to the classical value will then be given by 

1 + ““■*»-®'*)-"T(l +tn)*f V' (»') L« <>**<"•-"'> '' dv' *. (67) 

47rZe* J 

For n — 0 this degenerates into the ordinary first Born approximation. To 
show how large n really is, its value for a-particles of velocity 2 X 10® cm. per 
second in the fields of various nuclei are given m the table. 


Table I. 


Elemont. 

1 

1 1 

Element. | 

Aluminium 

2 8 

Beryllium | 

Mamesium 

2-6 

Helium 

Caroon 

1 3 

Hydrogen 

Boron 

1 08 




0 

0 43 
0 21 


The fact that the Bom first approximation gives the correct formula for 
scattering by a pure Coulomb field is purely a coincidence owmg to the quantity 
in disappearing from the actual expression for the scattered amplitude when 
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the intensity is obtained from it. This will not be the case when the field 
deviates from the Coulomb value. 


5. Calculation for an Exponential Form for V'(r). 

For simplicity we will take the case of 

V'(r) = -^, (58) 

which is a reasonable form to represent the probable nuclear field near the top 
of the potential barrier. Choosmg now parabolic co-ordinates 

^ — r' (1 cos G'), */) / (1 — cos 6'), 

the integral occurring m (57) takes the form 

I = ( j e- SMf . ,) L (,jb), in) L (iki.', in) «•* d% dr, d^,. (59) 

Here parabolic co-ordinates with respect to the direction iij as axis 

and are connected with t] by the relations 

^ iQ + ^ ® 

5'+r/-=5 4 (60) 

Substituting m (59) the integral expression (53) for L (ifcr), in) we have 
I = J jjll «<»e-"Io{2 (lA^'v)*} «‘"e (2 (tjhj«)‘} e-*«+’'' du dv d^ dr, d<f>, (61) 

where X — |[jl — tfc. 

In view of the expression (60) for wc may expand 


m the form* 

lo {2 (i*'5'v)‘} = S {2 (tAr»)T;)‘ sin 16} I„ {2 (ik^v)^ cos 10} cos (62) 

The integration over the ^ co-ordinates reduces this sum to the first term only 
and we have 


: ttA I jj j v*"e ’'Iq {2 {ik^v)^ cos J0} {2 sin J6} 

{2 (ifcf)w)*} du dv d^ d7). (63) 


♦ Watson, Theory d Beasel Funetbos/* p, 358, Camb. Univ, Press (1922). 
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Using now the integrals* 

/■« 1 4^ 

e”**l0{2(»A:^t>)*co8 J6}rf5 = - e“ * . 

Jo ^ 

I* c-*''Io{2(tifcr)«)*}lo{2(tAr/lo)‘8m40}rfij=i (m«)» sin ^oj, 

(64) 

we have, putting y -= Xj, u ~ X^, 

I = ttAX®*" [ [ c'**^*^*'^ (•^^)*" c- Iq {ik y/xy am JO) dx, dy, (66) 

Jo Jo 

Expandmg lo (ik V xy sin ^6) m tlu* power senes 

enables us to complete the integration term by term. The general term is 
then 

tcAX^*” ^ ^ 1 f e (ixrfy 

Jo Jo 

- ttAX*'" (- iO)' (67) 


This gives tinally for the integral, remembering X — i[JL — lA, 

47cA (in - ti)*- (r (1 h »«)}* ^ (*w + 1. I- h 1, - (68) 

and the ratio of observed to classical scatttning 

^ Ak^ Hin^ {-ir«))J-;irt (5ir-'-ir» tuu n) 

X \r(l+m)\^F(m + Uin f 1. 1. r (69) 

Since 

(JjJt, — fJrt arLlHH 2 A/m^ ^ 70 ) 

This fonnula rcduc<*8 to that given by the Bom first approximation if one 
puts n = 0. It IS clear from (69) that one would expect the anomalous 
Bcattermg to increase more rapidly with increase of velocity than with increase 
of ftngifi of scattermg, a behaviour observed with alummium. The detailed 
numerical application of the formula (69) will be carried out m a later paper. 


* Ibid., pp. 303, 305. 



462 


CoUmon of o^-Particles wUh Atomic Nuclei. 


G. VahdUy of Approximations, 

In order to consider the conditions under which the above discussed theory 
is valid, one may follow a method similar to that used in discussing the validity 
of the first approximation of Bom’s theory. The deviation of the scattering 
from Coulombian scattering may be represented in terms of the differences 
of phase between the scattered waves of various orders and the corresponding 
wave scattered by a purely Coulomb field. If this difference of phase is small 
compared with unity for all, then the above theory will be accurate. For the 
scattermg of a-particles by helium the phases have been calculated by Taylor 
{loc. cit,) for the anomalously scattered waves of zero order, these alone being 
of importance. In the case of the low velocity particles (velocities from 1 • 1 
to 1*4 X 10® cm. per second) the phases are quite small, being approximately 
0*1 radians. It thus appears that the above theory is applicable for these 
velocities in helium and so will be applicable to the collisions of still faster 
particles with heavier nuclei. 

In order to obtain a condition of validity in mathematical form it is only 
necessary to relate our formula (61) with the one given by Taylor {loc. cU,) 
when only the zero order wave is disturbed. If Kq is the phase difference 
from the Coulomb scattered wave, Taylor shows that the asymptotic form of 
the anomalously scattered wave is 

2iA?r 


This 18 to be compared with our formula (61) which gives for the zero order 
wave 


St^M 

khh 



(72) 


The condition of validity of the approximate theory is then that 

Ko = ^ I* V' (/) V (/) V {/) r'* dr' < 1. (73) 


By analogy with the correspondmg criterion for the validity of Bom’s first 
approximation in its application to the scattering of electrons by atoms it is 
probable that Kq does not have to be much less than 0 - 5 in order that the above 
criterion be satisfied.* 


* J. BloDougall, * Proc. Roy. Soo.,* A, vol. 1.36, p. 549 (1932). 
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Summary, 

The collision of a-particles with atomic nuclei is discussed, using a quantum 
theory of collisions which allows for the disturbance of the incident wave by 
the Coulomb repulsive field of the nucleus. In particular, the probability of 
a-particle exchange is considered and shown to be large at a resonance level. 

The theory is also applied to the anomalous scattering of a-particles by light 
nuclei and its range of applicability to such cases considered. In connection 
with experimental results the theory should provide a means of accurately 
determming the radii of light nuclei. 


The Surface Ionisation, of Potassium by Tungsten. 

By P. B. Moon and M. L. E. Ouphant. 

(Communicated by Lord Rutherford, F R S, — Received May 18, 1932.) 

§ 1. It is well known that atoms of low ionisation potential may be ionised 
by contact with a hot metal surface. If, for instance, a positively charged 
hot tungsten filament be surrounded by the vapour of potassium, rubidium or 
caesium the filament will lose positive charge at a rate governed by the vapour 
density of the alkali metal and very nearly independent of the temperature of 
the filament if this temperature be not too low. From tins independence the 
conclusion is drawn that all (or very nearly all) atoms which strike the filament 
evaporate m the ionic state ; in other words, the efficiency ot the surface as 
an iomsmg agent is nearly perfect. The objection might iK^rhaps bo raised 
that this conclusion is not strictly justified by the experimental evidence 
which merely shows the efficiency to be corbsUirU. It would, of course, be 
remarkable if the constant were other than unity, but further evidence is 
clearly desirable and has been given by Langmuir and Kingdon* in their 
discussion and extension of Saha’s theory of the equilibrium of ions, electrons 
and atoms. Their calculations account for the low efficiency and its large 
temperature variation in cases where the elC/Ctron work-function ** of the 
surface is less than the iomsation potential of the atom, and predict perfect 
efficiency when the work-function greatly exceeds the ionisation potential. A 

♦ * Proc. Roy, Soo.,’ A, vol. 107, p. 61 (1625). 
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direct verification that the efl&ciency of surface ionisation is, in a favourable 
case, indeed unity, is provided by the observation made by one of us* that no 
net current flows to a sufficiently hot nickel surface bombarded by slow Cs"^ 
ions For fast ions, however, the efficiency was found to decrease. 

It is the purpose of this paper to show how surface ionisation may provide 
the source of a beam of positive ions which has great intensity, steadiness and 
length of life, and to describe some experiments in which we have used this 
source for the more detailed investigation of the drop m ionisation efficiency 
which occurs (as already noted m the case of Cs^) whon/osi K"** ions strike a 
hot target Moon’.s previous observation dealt only with the equilibnum state 
of the re-emission from the target ; in the present work we have studied the 
building up and breaking down of this equilibrium when the incident beam is 
switched on or off It should be stated at once that we have found the process 
to l>c complicated and have att(‘mpted no more than a qualitative study of its 
more important features. Tungsten was chosen as the target material on 
account of the ease with which it may be cleaned by flashing to a high tempera- 
ture, while ions were used in preference to Cs^ because the temperatures at 
which the phenomena under investigation occur are higher and more readily 
measured by optical pyrometry. 


Apparalm. 

§ 2. The experimental tube was constructed as follows. A vertical tube AB, 
fig. 1, of pyrex glass, was divided into two portions by a glass partition into 
which was sealed a nickel plate pierced with a slit 4 mm. X 0*3 mm. The 
seal was made by spot- welding a spiral of tungsten wire round the cylindrical 
collar to which the plate was also spot- welded Pyrex adheres much more 
satisfactorily to tungsten than to nickel, and the corrugated nature of the 
surface is a further advantage in this connection. Parallel to the slit and less 
than a millimetre above it was a tungsten strip 8 mm. X 2 mm. X 0*08 mm. 
welded to stout nickel leads and carried on a heavy-current pinch at the upper 
end of the tube. This stnp was heated to about 1000® 0. by alternating 
current. The upper part of the tube carried a side-tube into which a small 
quantity (about 1/10 gram) of potassium was eventually introduced. The 
side-tube originally ended in a series of bulbs which served as stills for the 
purification of the potassium j as each stage of the distillation was completed 
the corresponding bulb was sealed off and removed so that eventually only a 

* Moon, ‘ Ptoc. Camb. Phil Soo.,’ vol 27, p. 570 (1931). 
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short* side-tube reraained as at V. The upper half of the tube AB was main- 
tained at a temperature of about 120° 0., while the aide-tube was at about 
80° C., so that the vapour pressure of potassium m the upper half of AB was in 
the neighbourhood of 3 X 10"® mm The hot tungsten strip then acted as a 
Burface-ioiusation source of K ^ ions, the total emission under normal workmg 
conditions being a few microamperes. By raising the potassium vapour 
pressure it was easy to increase the emis- 
sion to a milliampere, and there seems to 
be no reason, apart from spa(;e-charge 
limitation, why it should not be increased 
still further if desired. The source was 
maintained at a positive potential of 
20-200 volts with respect to the neigh- 
bouring nickel plate, and a lew per cent, 
of the total emission passed through the 
slit Sj into the lower half of AB, which 
constituted the experimental chamber. 

The intensity of this beam was, of course*, 
mainly determined by the temperature 
of the side tube containing the potassium, 
but variation of the accelerating voltage 
between the strip and the slit system 
provided an intensity control useful over a 
three- or four-fold range, for if this voltage 
be reduced the cum‘nt from the stnp 
becomes limited by space-charge. It is 
unwise to reduce the accelerating voltage 
too far or the parallelism of the beam 
may be much impaired. The source was 
found to work very steadily and con- 
sistently when tempi*rature equilibrium 
had once been attained ; we have not so far had the opportunity of testmg 
either its purity or its life, but it may be remarked that the only impurities 
likely to be present are ions of those elements (Rb and Cs) whose ionisation 
potentials are leas than the election work-fmictiou of tungsten,* and lhat the 

* Ohphant, m recent unpublished expenments, finds a few per cent of Na^ ions always 
present with commercial potassium. The significance of this, especially m oonneotien 
with the ageing '* of a clean target, has not yet been determined. 
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distillation in ionic form of a gram of potassium requires the passage of 
nearly 2600 coulombs of elec^tricity. 

In addition to the beam the strip will emit some neutral potassium 
atoms, particularly if the slit system be positively charged with respect to the 
source. This neutral beam, whose general direction was downwards through 
the slit, was useful as a weak source of potassium atoms ; the ionic beam could 
have been separated from it, if required, by an elcctnc field. On the other 
hand, any atoms which pass through S| from the glass walls of the tube will 
necessarily travel obliquely and will not strike the target. They are objection- 
able not only as a waste of potassium but also because it is desirable that the 
vapour-pressure of potassium m the lower half of the apparatus should be as 
low as possible ; their number was kept small by using a strip wider than the 
slit and close to it, so that the glowing tungsten, from which the emission was 
mainly of positive ions, occupied nearly the whole “ field of view ” of the slit 
S,. 

The ionic beam was ultimately defined by a sht S 2 , parallel to the first and 
of the same dunensions, in a second nickel plate about a centimetre from Si- 
The beam next passed through a wider sht m the circular closed end of the 
nickel cylmder C, which formed the experimental chamber. It then struck 
the target, which consisted of a stnp of tungsten 1 -3 mm. wide and 0*08 mm. 
m thickness stretched diametrically across the cylinder and passing through 
holes in its walls to tungsten seals in the walls of the tube. The lower end of 
the cylindrical expenmeutal chamber was partially covered with a grid of 
nickel wires ; at about a centimetre below this grid was a nickel disc D whose 
purpose was to catch any positive 10 ns which might by mischan<;c fail to strike 
the target, and to prevent them from charging the glass walls of the tube and so 
distorting the elcctnc field within the experimental chamber. 

The gap between the cylinder and the beam-catching plate enabled the target 
to be viewed through an optical pyrometer. The pyrometer was used to find 
the temperature of the target in terms of the heating current which was then 
used as a measure of the temperature ; this procedure was employed because 
changes of temperature which are, for the purposes of these experiments, of 
more importance than actual temperatures, were most reliably estimated by 
the changes in heating current required to produce them. The usual emissivity 
correction was made. 

The extreme lower end of the tube formed a mercury trap of “ reversed 
design, cooled in liquid nitrogen, which led to the pumps and the McLeod 
gauge ; by this means the pressure of all vapours — including potassium — in 
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thi? lower half of the tube was r(*duced to a very low value. All metal parts 
were glowed %n vacm }>y an eddy -current heater after assembly m the apparatus, 
and the glass was thoroughly baked before the introduction of the potassium 
into the end bulb, which latter operation was pt^rfoimed as quickly as possible. 
The distillation of the potassium from one bulb to another was done slowly 
with the pumps workmg meanwhile , after the distillation was complete the 
apparatus was pumped for some hours before the experiments were started. 
With both strips hot and the source chamber at its working temperature the 
McLeod gauge read zero It was found that the mam source chamber could 
be kept at about 120° C. by the* heat developed m the source strip provided 
that the upper half of the tube were suitably lagged ; a small heating coil was 
provided to maintain the side-tube V at the appropriate temperature. 

The target strip was heated by a batter}- of acicumulatora so controlled by 
switches and variable resistances that, by the simple op<^ration of the switches, 
it could bo heated to any one of three temperatures previously determined by 
the settings of th<j resistanees. All such apparatus in electrical connection 
with the target was thoroughly insulated and surrounded by earthed shields ; 
a lead was taken from it to the amplifier and oscillograph which served to 
measure the current reaching or leaving th<* target The. design of the current 
measunng system and of the photographic recording arrangements will not 
be discussed here ; their interest is mamly technical. The oscillograph had a 
natural frequency of about 50 per second and the system had an ovt»rall sensi- 
tivity of 3-08 X lO"* amperes p<T miliiinetre The currents measured were 
of the order of 10“’ ampert‘8. The more important electrical connections are 
shown in fig. 2 ; the current measuring apparatus and such subsidiary details 
as shieldmg arrangements are omitted. The slit Sg and the disc D were kept 
slightly positive with respect to the cylinder so that slow secondary electrons 
set free from them should not roach the experimental chamber. The positive 
ion beam was accelerated between and Sg, when required, by a voltage, 
variable between 0 and 10,000 volts, derived from cells or from a transformer- 
rectifier set. The beam could be cut off by opening the switch Q. By means 
of the double-contact key K the target could be made either 20 volts positive 
or 20 volts negative with respect to the surrounding cylinder, the emission of 
positive ions from the tungsten being thus either allowed or prevented. 

The Evaporation of K ‘ OrigtnaUy Deposited as very Slaw Ions. 

§ 3. The source was made hot, but was electrically isolated from ; there 
was then no appreciable positive ion beam but only a small beam of atomio 
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pota»Aium utriking the target. The target was cleaned by flashing to about 
20(K)° C. ; its temperature was then lowered to, say, 760° C. and its potential 
was made 20 volts negative with respect to the surrounding cylinder bo that 



no posit^ivc ions could leave it. The field waa now suddenly reversed, thus 
releasing the ions, and after a few seconds the target waa raised to a temperature 
of 1250° 0. Fiefc as consider what we may expect to happen. 

The clean target at 760° will receive a small atomic beam ; the atoms which 
strike it will, after a short stay on the surface, evaporate again, a few as neutral 
atoms but the great majority as ions. The ions, having only thermal 
energies, will be turned back by the opposing field and will strike the target 
agam with the energies with which they left it. As time goes on more and more 
potassium reaches the surface by way of the atomic beam ; the amount of 
potassium m the surface layer will therefore increase until the rate of evapora- 
tion tn the atomic fi/rm (i^) is sufficient to balance the rate of arrival of atoms 
in the beam. When this state is reached, however, the majority of the atoms 
in the layer have made many ineffectual attempts to leave the target and 
therefore last struck the surface as slow positive ions. The rate of arrival 
of slow ions will in fact exceed that of neutral atoms in the ratio of the rates 
of evaporation of ions and atoms — ratio which in the present experiments 
was always large. Even long before equilibrium has been reached the greater 
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part of the potassium on the surface will have made its most recent collision 
with the surface not as an atom but as an ion. On the reversal of tlio electric 
field the departure of ions is no longer prevented and the target will immediately 
lose positive charge at a rate i * which will decrease with time as the concen- 
tration of the potassium layer sinks to the low equilibrium value at which the 
arrival rate IS equal to Fig. 3 illustrates in an exaggerated manner 

what we should anticipate and what is, in fact, found. The current i"** leaving 
the target* — zero while the target is negative — is of amount AC immediately 



on reversal of the ficldJi it decreases with time until it finally reaches a steady 
value AB. The rate AB plus the rate of evaporation of atoms from the surface 
in the same new equilibrium conditions will together equal the rate of arrival of 
potassium m the beam, so that if we neglect in comparison with i'^ we may re- 
gard AB as representing the arrival rate. Tf we knew the final equihbrium 
amount of potassium on the surface we should be able to deduce from the experi- 
mental curve the relation between and the surface concentration ; if , in fact, we 
draw any ordinate PQU then PR represents the value of i"* at a surface concentra- 
tion given by the sura of this equilibrium ( oiicent ration and the shaded area QRM. 
This may be seen on considering that the concentratiou at the time N is (very 
nearly) the equihbrium concentration, the amount of potassium which has 
arrived during tlie time PN is given by PQMN, while the amount evaporated 
as ions durmg this time is given by PRMN , the net loss during the time PN is, 
therefore, QRM. We can obtain at least an upper limit to the equilibrium 
concentration by finding the area S of the ‘ throw ” obtamed when the target 
is suddenly flashed to 1250^ for at so high a temperature the equilibrium layer 

* In this and all subsequent figures an upward displooement of the curve from the dotted 
■ero line XY indicates that the target is losing positive charge. 
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will be negbgible and the sudden rise of temperature will cause the almost 
complete evaporation of the existing layer. The glowing of the target strip 
will also increase the length of strip which is hot enough to emit positive ions 
at a measurable rate, and a portion of the observed throw will be due to evapora- 
tion in the ionic form of potassium which had accumulated (owing to diffusion 
from the centre of the strip or to stray atoms from the original neutral beam) 
on the cooler parts of the stnp. It is possible, too, that a small amount of 
potassium may diffuse into the metal and be retamed there until the moment 
of flashing. Subject to these uncertainties, which are relatively only of 
importance at low surface concentrations, wo may obtain from the expenmentaJ 
evaporation curve the relation between and surface concentration for all 
values of i+ between AC and AB. 



Fio. 4.— 'Evaporation curves for ions deposited with thermal energies on W. 

Fig. 4 shows the results of such experiments made at target temperatures 
of 743° C., 768° C., 773° C., and 787° C. In order to avoid delay a set of records 
such as this was taken on a single sheet of photographic paper, and the super- 
imposirion of the four records gives a misleading impression of complexity. 
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The curves reproduced in fig. 4 and subsequent figures are for this reason (and 
for economy of reproduction) drawings carefully made to scale from the 
originals. All measurements were, of course, made on the photographs them* 
selves. 

In fig. 6 we give in graphical form the results of the analysis of these four 
experimental curves. It will be seen that in each case the rate of evaporation 
of positive ions (i"*") is a Imear function of the surface concentration. That 



Surface concentratton iV (atoms per cm-) 

Fig. 5 — ^Analysis of curves of fig. 4. 

the lines do not pass through the origin may tie due to one or both of the 
uncertainties already discussed ; we see no significance m their convergence 
towards a point on the axis of The lines of fig. 5 show that over the ranges 
of temperature and concentration investigated, the mean time of life of a 
potassium ion upon a tungsten surface before its evaporation in the ionic state 
is uninfluenced by the addition of more potassium to the layer already on the 
surface. We are therefore almost certamly justified m concludmg that our 
results represent the evaporation characteristics of isolated ions.* The con- 
centrations dealt with m these experiments are, of course, very low, the greatest 

* It is, of course, conceivable that we are dealing with dusters of ions each evaporathsg 
as an entity. 
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coucentiation ehown in fig. 6 being less than 1 jwr cent, of that in a monatomio 
layer of potassium. 

Some interest attaches to the variation with surface temperature of the rate 
of evaporation per unit concentration, for if this quantity, which is given by 
the slope of a line such as those of fig 5, vanes, over a small range of temperature, 
as where T is the absolute temperature and K is Boltzmann's constant, 
we may probably identify <f) with the energy required to remove a K"** ion from 
the surface. 

The four points of fig. 6 show the logarithms of the slopes of the four lines 
of fig. 6 plotted against the reciprocals of the corresponding absolute tempera- 
tures. The straight line drawn among these points leads to a value of 4-4 



Fig. 6. — ^Temperatuie dopendence of slopes of lines of fig. 5. 

electron-volts for ^ ; none of the points lies further from the line than would 
correspond to an error of 4® in the temperature measurement, but it is plain 
that the measurements were taken over a range of temperature insufficient 
to give more than a very rough value of Much the same value for ^ was 
obtained from other evaporation curves. 

The Ionic Evaporation of Potassium Deposited as Fast Positive Ions. 

§ 4. Experiments for the study of the influence on the evaporation character- 
istics of the speed with which the ions hit the surface were carried out as 
follows : — 
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A positive ion beam whs allowed to fail upon the target for any desired period 
and was then suddenly rtmioved by opening the switch Q. The vanatioii in 
the current to the target was recorded. 

By this means we obtain a curve showmg the rate at which ions are leaving 
the surface at various tunes after the removal of the beam. It was found that 
the evaporation curves were fimctions not only of the target tempt*ratiure and 
of the velocity of the impinging ions but also of the length of time for which th»* 
beam had been strikmg the target before being cut off. The intensity of the 
beam had a slight influence upon the form of the curve. The evident complexity 
of the phenomenon rendered impossible, for the time being, anything more 
than a general qualitative investigation ; it also leads to difficulty in the 
clear presentation of the results We have thought it best to give diagrams of 
a few only of the many curves obtained ; the examples are chosen with a view 
to setting forth what appear to be the more important features of the experi- 
mental results. 

The first point of mterost is tlie magnitude of the sudden ( hange m current 
to the target which occurs at the instant of cutting off the beam. This was 
found to differ from the beam itself (as measured by the current reaching the . 
target when cold or, better, by the total current reaching target plus sur- 
rounding cylinder at any temperature) by not more than a few per cent. It 
18 an immediate conclusion that nearly all the potassium ions which leave the 
target do so not as a result of instantaneous reflection but by means of thermal 
evaporation, for any reflected current would bo cut off with the beam and the 
net sudden change would be less than the beam by the corresponding amount. 

Fig. 7 (i) shows the result of cutting off a bt*am of 230-volt ions which had 
been striking the target for a long time. The final curr(*nt to the target is, 
of course, to be taken as zero, and it will be seen that in the initial equilibrium 
state (with the beam on) I lie target is receiving a net positive charge which is 
an appreciable fraction of the beam. The decay of the rate of evaporation 
after removal of the beam is roughly, but not quite, exponential. Fig. 7 also 
shows corresponding curves at the same temperature but at higher voltages. 
The number of ions which evaporate positively charg(*d* is smaller at these 
higher voltages, while the evaporation curves depart still more from the 
exponential form. The remarkable feature now appearing is the very slow 
rate of change of the evaporation rate near the beginning of the process It 
will be observed that for a time the rate may even increase slightly. 

* The ratio of this number to the number arriving will be called the " ionisation 
effieienoy.*' 
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The influence of target temperature at a fixed voltage w shown m fig. 8. 
It will be seen that, roughly, an increase in temperature has a similar effect tn 
a decrease in voltage. The first curve, taken at a relatively high temperatun), 
shows an ionisation efficiency of 94 per cent. 

All the above experiments were made after the target had been exposed for 
some minutes to the beam in question Fig. 9 illustrates the influence of the 
length of time for which the target, after bemg cleaned by flashing to 2000® C 
and allowed to cool to tho experimental temperature of 793® 0 , had been 
exposed to a beam of 940 volt ions. It will be seen that a considerable time of 
exposure to the beam (long compared with the time scale of the evaporation 
process) is required before the target is capable of re-emitting K“^ ions It was 
verified that tlic essential requirement was exposure to the beam and not merely 
to the “ vacuum.” 

When the surface has thus been brought to a condition in which it can 
re-emit positive ions the removal of the beam does not cause it to return to the 
original state of a freshly cleaned surface. This is illustrated by fig. 10, which 
represents the effect of switching the beam on and off when the target had 
previously boon subjected to long bombardment by the ions The influence 
of time of exposure before removal of the beam is again very marked, but the 
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0 2 i 6»ecoiui» 

I'la. 8, — Evaporation curves*at'340 volta 



Fio. g— of time of exposure to 940 volt beam ; target previonaly cleaned by glowiM 
at 9000* C. Experimental temperature, 793* C. Exposuien of 2 seronds, 15 seconds 
and 100 seconds lespectively. 
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initial stage of fig. 9, in which re-emission of K'*' is almost zero, is not repeated. 
The bombardment must, therefore, cause some change in the target which time 



Fio. 10 — Bmuu Bwitohed on and off. Target rested but not flashed between exposures. 

758^ 0., 366 volte. 

alone will not eradicate completely. One would anticipate, perhaps, that if 
slow and fast ions were to fall simultaneously upon the target the rate of 
evaporation of the slow ions would also be governed by this change m the 
properties of the target. It is easy to test this experimentally. If, while the 
high-speed ion beam is striking the target, we reverse for a moment the field 
between the target and the surrounding cylinder we shall accumulate upon 
the target surface a layer of potassium which (although ongmally derived from 
the high-speed beam) last struck the target with thermal velocities only. 
When we restore the field to its original direction these ions will be able to 
leave the target, but they evaporate from a surface which is — and has been 
thioughotit the experiment — bombarded by high-speed ions Fig. 11 (ii) 
shows the result of such an experiment , on comparmg this curve with the 
evaporation characteristics at the same temperature of the high-speed ions 
themselves, fig. 11 (i), and with those of slow ions* in the absence of the high- 
speed beam, it will be seen that bombardment of the target by fast ions does 
not affect the evaporation of slow ions It seems, therefore, that the com- 
pheated laws of evaporation of fast ions are not due to changes in the properties 
of the surface. We had at one time a fear that some ions might find their way 
past the plate D and communicate a charge to the glass walls of the tube, and 
that some of our results might be due to the variation of this charge with the 
voltage of the beam and with time. Mr. R. C. Evans, who is studying surface 


* Obtained os in § 3. 
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ionisation problems at the Cavendish Laboratory, very kindly repeated some 
of our experiments with a slightly modified apparatus in which this possibility 
was entirely absent. His results are in substantial agreement with ours and 
show that such an effect is not the cause of the phenomena which we have 
described. We are grateful to Mr. Evans for permission to mention this 
unpublished work. 



Sumfnary and Dufctmion of Expenimntal Eestdts. 

We have found that — 

(i) ions of thermal velocities are re-emitted from a hot tungsten target 
in a manner consistent with the thermal evaporation of isolated particles, 

(u) If the target be sufficiently hot, 780° C. or more, the result (i) extends 
approximately to ions of energies in the neighbourhood of 300 volts. A 
positively charged target in this case receives only a small net current, the 
efficiency of surface ionisation being near unity. 

(ill) At higher energies, or, if the temperature be below about 780°, even 
below 300 volts, this behaviour is departed from in two ways : — 

(а) Only a fraction of the incident beam evaporates m ionic form. 

(б) Those ions which are re-emitted as ions yield, on the removal of the 

inoident beam, “evaporation curves” differing markedly from the 
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exponential form associated with cases (i) and (li). The most strikmg 
feature which may appear is an almost constant evaporation rate which 
persists for some time before the drop towards zero commences. 

(iv) The phenomena of (iii) are much influenced by the amount of previous 
bombardment undergone by the target. 

(v) The ratio of evaporation of potassium deposited as slow ions is not 
influenced by the simultaneous bombardment of the target by high-speed 
ions. 

(vi) On the sudden removal of the incident beam the net current to the 
target changes by an amount equal to the beam. 

We draw the followmg conclusions ; — 

(a) The re-emission of ions from a hot tungsten surface on which they 
impinge with high velocity is, as for slow ions, a process of evaporation 
(** surface ionisation ”) rather than instantaneous reflection. This follows 
from (vi). 

(^) Smce, by (v), the properties of the metal surface as an ionising agent 
are unaltered by the high-speed beam, the altered form of the evaporation 
curve for fast ions must be a property either of the ions themselves or of the 
interior of the metal as influenced by the bombardment. Now the evaporation 
process occupies a time of the order of a second, and the only trace of its 
previous history which an ion on or in a metal can retam for such a time is its 
position. It would seem to follow that the observed phenomena are due to 
the penetration of fast ions below the surface of the metal. It is mteresting 
in this connection to note that Brewer* has found that the deposition of K'*' 
ions upon an iron surface affects the photoelectric properties of the surface 
somewhat less at 270 volts than at lower energies of the ions. This observation 
suggests that fast ions do not remain on the surface but, of course, gives 
us no hint as to whether they remain inside the surface or leave the target 
entirely. 

(y) Since the failure of a proportion of fast ions to evaporate again as ions 
18 always associated with a non-exponential evaporation curve, it is likely that 
the same ultimate cause is responsible for both phenomena. The observation 
that the ionisation efficiency for fast ions is greater at oblique than at normal 
incidencef would be in accordance with this view. We can conceive of only 

* ‘ Phys. Rev.; vol. 38, p. 401 (1981). 

t Moon, loc cit. 
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three ways in which the ionisation efficiency can fall below unity. The missing 
ions must either — 

(i) remain ou or in the metal surface ; 

(li) be reflected as neutral atoms ; or 
(ill) evaporate as neutral atoms. 

It should not be diflicult to distinguish experimentally at least the first of 
these possibilities from the other two, and it seems inappropriate to discuss 
the matter until such discriminatory experiments have been made. We would, 
however, suggest that if the first of these three alternatives should prove 
correct an explanation will probably have to be sought in terms of the difihision 
back to the surface of those ions whose initial energies suffice to cany them 
through the surface into t he body of the metal If it be assumed that potassium 
difhises through hot tungsten m accordance with the usual diffusion law, and 
if, furthermore, all atoms which diffuse further into the metul than a certain 
di8tan(;e from tlie surf at are perman(*ntly retained and take no further part 
m the diffusion process, wc ( alculatc evaporation curves whose forms are very 
similar to the experimental curves such as are illustrated in figs. 7 and 8. The 
correlation of the form of the <*v«iporation curve w'lth the efficiency of surface 
ionisation is given m a manner which is qualitatively t orrect The calculations 
do not at the moment rest on any secure experimental basis and we do not 
stress what may well be a quite fortuitous agreement ; we allude to them only 
to show that penetration of the surface may lead to very considerable com- 
plication of the simple law of ionic evaporation which holds for isolated atoms 
or ions ileposited at low velocity, 

(8) It remains to consider the possibility that, in those experiments with fast 
ions m which the target had tiecn exposed to the beam for some time, the 
surface concentration had become so high that the ions were not evaporating 
as independent ions from a clean surface. It is known* that at surface con- 
centrations of the order of one-tenth of a monatomic layer the evaporation 
rate is no longer proportional to the number of ions present and at higher 
concentrations it actually decreases. We have shown that such deviations are 
inappreciable up to surface concentrations of 6 X 10^* atoms per cm.®, but it 
should be mentioned that m some of the experiments with fast ions the total 
area beneath the evaporation curve corresponds to as much as three times 
this concentration. Reference to fig. 11 will, however, show that even the 


* J. A. Becker, ‘ Phye, Rev.,* vol, 28, p. 341 (1926). 
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end of the evaporation curve for fast ions differs markedly from that for slow 
ions at the same temperature, so that although the phenomena of the initial 
stages of the curves may be connected with departure from proportionality of 
surface concentration and rate of evaporation, there yet remains the definite 
difference between the evaporation characteristics of slow and fast ions. 

We should like to record our thanks to Lord Rutherford for the encourage- 
ment given us by his interest and advice, and to the Department of Scientific 
and Industrial Research for a Senior Research Award made to one of us. 
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By Fbedebick Daniel Chattawav, F.R.8., and Eric John Fbancis James. 

(Rctcivod March 24, 1932 ) 

Urea condenses readily with 1 or 2 molecules of bromal forming respectively 
monobromal mm (I), and dibratnal urea (II) 

CBrg . CH(OH) . NH . CO . NHj 

I 

CBr, . CH(OH) NH . CO . NH . CH(OH) . CBr, 

II 

The condensation proceeds somi'what h»8s readily than does the corresponding 
reaction with chloral Wlicn, for example, the compounds arc left in aqueous 
solution, nionobrornal urea only is formed, even when excess of the aldehyde 
is used. 

The monobromal urea thus produc(*d cond**nses normally with a second 
molecule of bromal only wh(*n the two compounds are melted together and 
heated for a time at 100°, 

When monobromal urea is heated with one equivalent of chloral, an identical 
condensation occurs and bromal chloral urea (HI),* is produced, the same com- 
pound being also formed when monochloral urea is similarly heated with an 
equivalent of bromal. 

CBrjCHfOMj.NH CBr 3 X:H(OH).NH HjN 

^co S£k£!12* \» ^g.cHO 

Hj/ CCl3CH(OH).NH Ca,,CH(6H)l^ 

(1) (ra) 

All these condensation products behave very similarly to the corresponding 
chloral compounds. 

• Of. ‘ Central,’ vol. 1, p. 647 (1908). 
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They react with acetic anhydride and yield well-crystallised diacetyl deriwa- 
Hvet. 


CBrsCHjOAcjNH 

CO 

/ 

AcHN 


CBrj CH(OAc).NH CBrs.CHjOAcj.NH 

\o \o 

C8r3.CH(OAc).NH CC13 .CH(OAc).NH 


Bromal urea, dibromal urea, and bromal chloral urea, all dissolve readily 
in aqueous alkalis, giving solutions from which on the addition of acetic 
anhydride dimolecular anhydro compounds of ether-like structure separate. 
For example, monobromal urea yields bis-(a-caiiamido>^P|3-fn&romo ethyl) 
ether (IV), and dibromal urea yields the compound (V). 


CBrjCH NH CO NHg 

O 

/ 

CBraCH NH CO NHj 


CBrxCH NH CO NH.CH CBrj 

\ / 

o o 

/ \ 

CBrj CH NH CO NH CH CBrj 


(tv) 


(V) 


When any one of these ethers is added to a solution of a sodium alkoxide in 
the appropriate alcohol, it reacts exactly as the corresponding chloral com- 
pound, but rather more rapidly. Fission occurs at the ether linkage, and the 
corresponding alkoxy compound results, the other half of the molecule decom- 
posing into bromoform, sodium formate, and urea. Series of compounds of 
the general formula (VI) and (VII) are thus produced. 

CBr^.CH.NH.CO.NHj 

I 

OR 

(VI) 

CBr, . CH . NH . CO . NH . CH . CBr, 

in OR 

(VII) 

The anhydro compound formed by bromal chloral urea yields similarly di> 
alkoxy compounds of the constitution 

CBr, . CH . NH . CO . NH . CH . CCI, 

OR 


(VIII) 


OR 
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In this case the dialkoxy compounds of the type (VIII) and also those con- 
taining two different alkoxy groups, can be obtained by condensing the bromal 
monoalkoxy compounds (VI), with anhydrous chloral, forming the anhydio 
compound of the resulting N-(a-alkoxy-ppp-tribromoethyl)-N'-(a-hydroxy- 
ppp-trichloro ethyl) carbamide (IX), and decomposing this anhydro compound 
with a sodium alkoxidc dissolved in the appropriate alcohol. 


CBrs 


^NHCONHz 


(vi) 


CCI3 CHO 


CBrj CH NH CO NH CH.CCI3 


OR 


(K) 


OH 

NaOHaq. + AC2O 



NaOR' 


CBrj CH NH.CO NH.CH CCI3 

OR \ 

O 

OR / 

CBrjCHNH CO.NH CH CClj 


In this way the isomeric compounds 

CBr, . CII . Nil . CO . NH . GH . CCI3 

OCHa OCaHj 

and 

CBra CH. NH.CO NH CH . CCl, 

I I 

OC2H5 OCHa 

have been prepared As would be expected, they resemble each other closely 
m properties, but differ somewhat in melting point, the compound having the 
methoxy group contiguous to the tnbromomothyl group melting some 9° 
higher than its isomer. 

Although chloral condenses readily with the a-alkoxy-ppp-tribromoethyl- 
carbamides (VI), yielding the well-crystollisod N-(a-alkoxy-ppp-tribromoethyl)- 
N'-(a-hydroxy-ppp-trichloroethyl) carbamide (IX), similar compounds con- 
taining a bromal group have not been obtained. Bromal apparently condenses 
with both a-ethoxy-ppp-tribromoethyl carbamide, and with a-ethoxy-ppp- 
trichloroethyl carbamide, but the product in each case is a viscid hquid, which 
has not been obtained crystalhne, and which is decomposed very easily by 
alkaline solutions. 

ExpenmenUd. 

Monobromal urea, (a-hydroxy-ppp-tribromoethyl carbamide), 

CBra . CH(OH) . NH . CO . NHj (I). 


2 K 2 



484 


F. D. Chattaway and E. J. F, James. 


10 g. of bromal hydrate and 4 g. (1 mol. excess) of urea were dissolved 
in 30 c.c. of water, and the solution allowed to stand for 3 days. During this 
time monobromal urea separated as a colourless, crystallme solid. 

It separates from boiling water in fern-like clusters of small plates, m.p. 
136° (decomp.). (Found : Br, 70*2; CjHjOjNjBrj requires Br, 70*4 per cent.) 
When warmed with acetic anhydride, containing a trace of sulphuric acid, 
monobromal urea yields 'S-(QL-a€etoxy-^^^4rtbromoeihyiyN'‘acetyl carbamide, 
which separates from boiling aqueous acetic acid in compact rhombic prisms, 
m.p 184° (decomp ), (Found Br, 66*8 ; C 7 H 904 NQBr 8 requires Br, 66*5 per 
cent.) 

Dibrtmal urea, (Hym-di-{oL-hydroxy’^^^4rtbroTnoethyl) carbamide), 

CBra.CH(OH) NH CO . NH . CH (OH) . CBrj (II). 

5 g. of monobromal urea and 6 g. (1 mol. + slight excess) of bromal hydrate 
were warmed together on the water-bath for 15 minutes On stirring the 
molten mass with water dibromal urea separated as a colourless solid. It 
crystallises from boiling aqueous alcohol m colourless four-sided plates, m p. 
178° (decomp.). (Found: Br, 77*3; CjHeOgNjBrj requires Br, 77*2 per 
cent ) When warmed with acetic anhydride containing a trace of sulphuric 
acid it yields 8ym-dt-(a-acetoa:y-PPP-tn5fowoeiAyJ) carbamide, which separates 
from boiling, slightly diluted acetic acid m slender colourless prisms, m.p. 
180° (decomp.). (Found. Br, 67*6; CjHujOjNgBr^ requires Br, 67*9 per 
cent.) 

Bi8-(a-car6amwio-ppp-^n6romociAyi) ethefr (IV). 

6-8 g. of monobromal urea (I) were dissolved m 40 c.c. of ice-cold N/1 
sodium hydroxide (2 mols.), and 2 g. of acetic anhydride added drop by drop 
with vigorous shaking, the temperature being kept at 0°-6° Bis-(a-Gar&amido- 
^^^-tribromoethyl) ether (IV), separated as a colourless flocculent solid on each 
addition of acetic anhydnde. It crystallises from boiling aqueous alcohol in 
slender, rather flattened, prisms, which decompose without previously melting 
at about 211°. (Found : N, 8*3 ; Br, 72*3 ; C8Hg08N4Br8 requires N, 8*6 ; 
Br, 72*3.) When wanned with acetic anhydride it yields bis-(a-iV'-acc<yI- 
carhamido-ppp-fnhromocfAyi) ether, 0(CH . CBrj . NH . CO . NHAc)j, which 
crystallises from boiling, slightly dilute, acetic acid in colourless rhombs, m.p. 
219° (decomp.). (Found: Br, 63*1; CioHij 05 N 4 Brg requires Br, 63*2 per 
cent.) 



485 


Condensaiion of Bromal with Urea, 

carbamide, 

CBra . CH(0 CjH 5) . NH . CO . NHa (VI). 

To a solution of 3*4 of 6i5-(a-oarbamido‘PP(3-tnbroraoethyl)-ether (IV) in 
20 c.c. of ethyl alcohol a solution of 0*24 g. (1 mol.) of sodium in ethyl alcohol 
was added. The solution was at first clear, but in a few seconds sodium formate 
separated, the solution at the same time developing a strong odour of bromo- 
form. After 10 mmutes 200 c u of water were added, when a-e/Aoacy*p^|3- 
tribromoethyl carbamide (VI) separated as a colourless crystalline solid (1 *6 g. ; 
90 per cent, theoretical). It crystallises from boiling aqueous alcohol m colour- 
less large lustrous plates, m.p. 162°(decomp.) (Found: Br, 66-2 ; C^HjO^NaBr, 
requires Br, 66-05 per cent ) When warmed with acetic anhydride it yields 
N-a-ethoocy-^^^’tribromo€thyl-N'-a(Hyl carbamide, which separates from boiling 
aqueous acetic acid in colourless plates, m p. 177° (decomp.). (Found : Br, 
68*7 ; C7HjiO,N2Br3 requires Br, 68-4 per <ient.) In a similar way, using the 
appropriate alcohol, were prepared the following : — 

oi-raethoxy‘^^^4rii)r(ymoethyl carbamide, large colourless plates from aqueous 
alcohol, m.p. 184° (decomp.). (Found: N, 7*7; Br, 67*8; CiH^OgNgBra 
requires N, 7*9 ; Br, 67*6 per cent ) 

a-n-propoa:y-P[3P-/n6romoeiAyJ carbamide, large, glistening plates from 
aqueous alcohols, m p. 144° (deeomp.) (Found* Br, 63-0; C2H|i02N2Br3 
requires Br, 62-7 per cent.) 

%ymd%~(a-eihoxy~ (3 P ^dribrornoclhyl) carbamule, 

CBrg . CH(OCaH5 ) , NH . CO . NH . CH(0C2H5) . CBts (VII). 

4 g. of dibroraal ur(*a (II) were dissolved in 26 c.c of ice-cold N/1 sodium 
hydroxide (4 mols ) and 1-3 g. of acetic anhydride added with shaking. On 
each addition anhydro dibromal urea (V) separated as a colourless flocculent 
solid, which was ciollected and cautiously dried. The crude material, which 
could not be obtained crystallme, melted at 92° (decomp.). It was dissolved 
in 30 c.c. of ethyl alcohol, and a solution of 0*5 g. (excess) of sodium in 25 c.c. 
of ethyl alcohol added. After 10 mmutes, durmg which time sodium formate 
separated, water was added to the liquid, which smelt strongly of broinoform, 
when 8ym-i^-(a-e^Aoa:y■pPp-^n6rcwl06^ carbamide (VII) separated as a 
colourless cr3n9tallme solid. It was repeatedly crystallised from boiling 
aqueous alcohol, from which it separates in small, slender, colourless flattened 
prisms, m.p. 196° (decomp) (Found: Br, 70*6; C9H]403N2Br3 requires 
Br, 70*8 per cent.) 
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carbamide, prepared m a flimilar way, 
using sodium raethoxide in methyl alcohol, crystallises from boiling aqueous 
alcohol m very slender, colourless flattened prisms, m.p. 216® (decomp.)* 
(Found : Br, 74-1 ; C7Hio03N2Br^ requires Br, 73*8 per cent.) 

Bfomal chloral urea, N-(a-hydroxy-ppp-tribromoethvl)-N'-(a-hydroxy-|3|3p- 
tnchloroethyl) carbamide. 

CBrg . CH(OH) . NH . CO NH . CH(OH) . CCI3. (Ill) 

10 g. of moiiochloral urea and 16 g. (1 mol.) of bromal hydrate were warmed 
on the water-bath for 30 mmutes. On stirring the resulting semi-solid mass 
with water, bromal chloral urea (III) was obtained as a colourless crystalline 
solid. It crystallises from boiling aqueous alcohol in thin, colourless, six- 
sided plates, m.p. 186°. (Found; Cl, 22*2, Br, 49*4; CgH^OaNjClaBrj 
requires Cl, 22*1 ; Br, 49*2 per cent ) When warmed with acetic anhydride, 
it yields JV-(a-ac€(oary-P3P-<n6romo6^%l)-^'-(a-aceto2;y-[5jiP-^ncWoroc^/iy!) carb- 
amide, which separates from boiling aqueous acetic acid in slender, colourless 
pnams, m.p. 185® (decomp.) (Found : Cl, 18*9 ; Br, 42*0 ; CjHiQ05N2Cl3Br3 
requires Cl. 18'6 ; Br, 41*9 per cent.) 

N -{(jL-eXhoxy - p p ^4ribromoeihyiy^i'- {oL-elhoxy- p p ^4r%c]doToethyl) carbamide, 

CBr3 . CH(0C3H3) . NH . CO . NH . CH(OC3H5) . CCI3 (VIII). 

8 g. of bromal chloral urea (III) were dissolved m 32 c.c. of ice-cold N/1 
sodium hydroxide (4 mols ) and 3-3 g. of acetic anhydride were added with 
shaking. Anhydro bromal chloral urea separated as a colourless solid, which was 
collected, cautiously dried, and dissolved in 30 c c of ethyl alcohol. To this 
solution 0-6 g. of sodium, dissolved in 30 c c. of ethyl alcohol were added. 
After standmg for 10 mmutes 200 c.c. of water were added, when N-(oi.-eUioxy- 
^^^4ribromo€ihyl)-N'-{<x.-ethoxy-^^^-trichloroethyl) carbamide (VIII) separated 
as a colourless crystalline solid It was repeatedly crystallised from boiling 
aqueous alcohol, from which it separates in very slender, colourless flattened 
prisms, m.p. 203® (dccomp.). (Found : Cl, 19*4 ; Br, 43-9 , C2Hi40aN2Cl3Br8 
requires Cl, 19*5 , Br, 44*1 per cent.) 

N-(oirdhoxy - P P ^4ribromoelhyl)-N'-{%-hydroxy^ P p Jl^-trichlofoethyl) carbamide, 

CBr3CH(OC2H3) . NH . CO . NH . CH(OH) . CCI3 (IX). 

2 g. of a-ethoxy-ppp-tnbromoethyl carbamide (VI) and 6 g. (1 mol. excess) 
of anhydrous chloral wore warmed together on the water-bath for 15 minutes. 
The viscid mass was then stirred with water, when V-(a-e<Aoxy-ppp-fn6romo- 
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«rtyJ)-j!V'-(a‘Ay(iroa:y-(5j3(J-(ncWoroefAyJ) carbamide (IX) was obtained as a 
colourlesB, senu-solid mass which rapidly became granular and crystalline. 

It crystallises from warm, slightly diluted alcohol m long, slender, colourless 
flattened prisms, m.p. 144° (decomp.). (Found: G, 20*4; Br, 46*3; 
CTHioOgNjClaBra requires G, 20-6 ; Br, 46*5 per cent ) When warmed with 
acetic anhydride it yields N-{(x-ethoxy-^^^4ribro7noethyl)-N'-{(x.‘acetoxy-^^il^- 
trichloroethyl) carbamide^ which crystallises from boiling aqueous alcohol in 
slender, colourless prisms, m.p. 192° (decomp). (Found: G, 19*1; Br, 
43-0 , C 9 Hi 204 N 2 G 3 Br 3 requires G, 19*1 ; Br. 43 0 per cent ) 

In a similar way was prepared iV*(a“mertary-|ip(5-<n6ro»ioeiAyJ)-iV'-(a- 
hydroxy'^^^-trwhhroethyl) carbamide, long, slender, colourless, flattened 
prisms from aqueous alcohol, mp 193° (decorap.). (Found: G, 21*4; 
Br, 48 ‘0 ; CfiHgOgNgGaBra requires G, 21*2 ; Br, 47*8 per cent.) 

N - (oL-ethoxy- p p ^’tnbromoelhyl) - N' - [cc-ethoxy- p p ^-trichloroethyl) carbamide 
(VIII) from N-(oL-ethoxy- p p ^-fnbromoethyl)-N'-(oL-hydroxy - P P ^-fricMoroethyl) 
carbamide (IX) 

7 g of N-(a-ethoxy-ppp-tribromoethyl)-N'-(a-hydroxy-ppp4richloroethyl) 
carbamide (IX) were dissolved m 30 c.c. of ice-cold N/1 sodium hydroxide, 
and 1-6 g. of acetic anhydride were added On each addition bis-(a-iV^'-a- 
ethoxy’^^^-tribromoethyl-carbamido-^^^-trichloroethyl) ether separated as a 
colourless semi-solid mass, which on stirring became granular. It crystalli8<*8 
with difficulty, and could not therefore be obtained perfectly pure. It was 
dissolved m 26 c c. of ethyl alcohol, and 0*5 g. of sodium dissolved in ethyl 
alcohol were added. After standing for 10 minutes water was added to the 
mixture, when N-(a-et}iOJi>y-^^^-tribrmrhoethyl)'N'‘(oL-ethoxy‘^f^^-trwhloroethyl) 
carbamide (VIII) separated as a colourless solid. It crystallises from boiling 
aqueous alcohol in colourless flattened prisms, m p. 203° (decomp ), identical 
in every way with the specimen prepared from bromal chloral urea. In a 
similar way the two following isomers were prepared, 

'S-(armeihoxy- P P p-fn6romoefAyJ)'iV'-(a-ci^xy- P p ^-trichloroethyl) carbamide, 
colourless, flattened prisms from aqueous alcohol, m p. 206° (decomp.). 
(Found: G, 20*3; Br, 45*0; C^HijOjNaGaBrj requires G, 20-1 ; Br, 46-2 
per cent ) 

N-{oL-ethoxy- p p p-^n6romoe<AyJ)-^'-(a*»we<Aoa?y' p p ^-trkhloroethyl) car6amwfo, 
slender, colourless, flattened prisms from aqueous alcohol, m.p. 197° (decomp.). 
(Found: G, 20*1 , Br, 45*3; CgHijOjNjBraGa requires G, 20*1 ; Br, 45*2 
per cent.) 



488 


Condensation of Bromdl with Urea. 


Summary, 

Uiea condenses with 1 or 2 molecules of bromal yielding moncbromal urea^ 
CBrg . CH(OH) . NH . CO . NH*, 

and dibfomai urea» 

CBr, . CH(OH) . NH . CO . NH . CH{OH) . CBrj, 

respectively. Monobromal urea also condenses with 1 molecule of chloral 
yielding bromal chloral urea, 

CBrj . CH(OH) . NH . CO . NH . CH(OH) . CClj. 

These compounds dissolve easily in aqueous alkalies givmg solutions from 
which, on the addition of acetic anhydride, dimolecular cmhydro compounds 
of ether-like structure separate 

These anhydro compounds react with solutions of sodium alkoxides in the 
corresponding alcohols, fission occurs at the ether linkage, and mono- and 
di-alkoxy compounds are formed. 

The monoalkoxy compounds themselv^^a condense with anhydrous chloral, 
producing compounds of the structure 

CBr, . CH . NH . CO . NH . CH . CCl, 

OR OR 

which also similarly dissolve in alkalies and react with acetic anhydride, 
yielding anhydro compoimds. These, on treatment with a sodium alkoxide, 
yield dialkoxy compounds of the general formula 

CBra . CH . NH . CO . NH . CH . CCI 3 . 



When the two alkoxy groups are the same the compoimds are identical with 
the corresponding compounds prepared directly from bromal chloral urea. 
When they are different two isomers are possible which can be prepared by 
introducing the group R or R' into bromal urea, condensing the alkoxy com- 
pound thus obtamed with chloral, and then, through the anhydro compound, 
introducing the group R' or R. These isomers resemble each other closely in 
properties, but differ somewhat in meltmg point. 
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The Adton of Halogens upon the Arylazoa^setmcetates mul Related 
Compounds. — Part IL 

By Frederick Daniel Chattaway, F.R.8., and Reginald Jack Lye. 
(Received March 30, 1932.) 


It has recently been shown* that the action of halogens upon the arylazo- 
acetoacetates is not so simple as was formerly supposed, but vanes according 
to the experimental conditions. When the nucleus is already fully substituted, 
halogen atoms may enter or replace the acetyl group, and may even, in some 
cases, replace the carbethoxy group. For example, the following compounds 
were obtamed by the action of bromine upon ethyl 2.4: 6-tnbromophenyl- 
azoacetoacetate. 


Br 


Br 

Er< >NH N 
Br 


C 


( 1 ) 


CO7C2H5 


Br 



(U) 


COCH2Br 
N C 

I 

CO2C2H5 


COCHBrj 

y-Sr I 

Br< >NH N C 

^ 1 

C02C2H5 

(m) 


COCHBrt 

^ I 

Br< > NH N C 
Br I 

Br 


(IV) 


The more energetic action of chlorine upon ethyl 2:4: 6-trichlorophenyl- 
azoacetoacetate, although it yields stages (I) and (II) at the ordinary tempera- 
ture, causes breaking down of the molecule when the higher temperature, which 
would be necessary to bring about stages (III) and (IV), is employed 
In the case of those arylazoacetoacetates in which the nucleus is less fully 
substituted, the action of halogens is even more complicated, since, in addition 
to the replacement or substitution of the acetyl or carbethoxy group by halogen 
atoms, nuclear substitution may also take place. 

Not more than two halogen atoms are introduced into the aryl nuch^is, 
even when excess of halogen is used. Hence the action of either chlorine or 

* ‘ Proc. Roy. Soo.,’ A, vol. 136, p. 282 (1932). 
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bromine upon ethyl 2 : 4-dichloro- or ethyl 2 : 4-dibromophenylazoaoetoacetate 
is similar to its action upon the corresponding ethyl 2:4: 6-trihalogonphenyl- 
azoacctoacetates under the same conditions. 

Chlorination of ethyl 2 : 4-dichloroph6nylazoacetoacotatc in acetic acid at 
the ordinary temperature, causes replacement of the acetyl group by a chlorine 
atom, with the formation of ethyl a-chloroglyoxalate-2 4-dichlorophenyl- 
hydrazone (V). 

Cl 

Cl I 

I 

CO 2 C 2^5’ 


If, however, the chlorination be carried out in dry chloroform previously 
saturated with hydrogen chloride, ethyl 2 : 4-dichlorophenyla20-Y“Chloroaceto- 
acetate (VI), identical with the compound formed by couphng 2 * 4-dichIoro- 
phenyldiazonium chloride with y-chloroacetoacetic ester, is obtained 


COCH3 COCHjCl 

Cl I e, Cl I 

aC^NHWC ^NHN-C «■ 

I I 

CO£C2Hj COzCjH; 

(Vl) 


COCHjCl 


COfizHs 


Ethyl 2 . 4-dichlorophenylazo-yY-dichloroacetoacetate cannot be obtained 
by direct substitution of ethyl 2 : 4-dichlorophenylazoacetoacctate, since, 
at the ordinary temperature, action ceases when one chlorine atom has been 
introduced into the acetyl group, whilst, at a higher temperature, the molecule 
breaks down under the action of the halogen. 

Bromine replaces the acetyl group as a whole, when an equivalent amount is 
added, at the ordinary temperature to a solution of ethyl 2 : 4-dibromophenyl- 
azoacetoacetate in acetic acid containmg either water or sodium acetate (fused 
or crystalline), with the formation of ethyl a*bromogly03calate-2 : 4-dibromo- 
phenylhydrazone* (formula as (V) ). 


* Since, however, ethyl 2 : 4-(libromophenylazoao0toaoetate is only sparingly soluble 
in cold aoetio acid, and the suspension is not readily attacked, ethyl a-bromoglyozalate- 
2 : 4-dibromophenylhydrazone w more conveniently prepared by the further action of 
bromine upon ethyl a-bromoglyoxalate-^-bromophenylhydrazone. 
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When, however, the action takes place in hot glacial acetic acid, progressive 
substitution of the acetyl group occurs, with the formation of ethyl 2 : 4- 
dibromophenylazo-y-bromoacetoacetate (VII), (identical with the product 
obtained by coupling 2 ; 4-dibromophenyldiazonium chloride with y-bromo- 
acetoacetic ester), and of ethyl 2 : l-dibromophenylazo-yy-dibromoacetoacetate 
(VIII). 

The action of excess of bromine at 100® does not further substitute either the 
nucleus or the acetyl group, but causes the slow replacement of the carbethoxy 
group by a bromine atom, until, finally, ppto-tnbromo-a-ketopropaldehyde- 
2 : 4-dibromophenylhydrazone* (IX) is the soh^ product. 


COCHsBr COCHBrz COCHBr 2 

Br 1 1 — J 


>NHN 


I 


Br( >NHNC Br ( >NH I 


COzCzHy 


C02C2Hj 


Br 


(vn) 


(vm) 


(DC 


When either chlorine or broimne reacts with ethyl phenylazoacetoacetate, 
similar reactions occur, but it is difficult to isolate the products successively 
formed. 

Chlorination in glacial acetic and at the ordinary temperature yields finally 
ethyl a-chloroglyoxalate-2 : 4-dichlorophenylhydTazonft (V), and though the 
reaction can be stoppi'd approximately at the ethyl a-chloroglyoxalate-p- 
chlorophenylhydrazone stage, the separation of this compound from the product 
of the action is diflScult. 

Similarly, altliough chlorine substitutes both the phenyl nucleus and the 
acetyl group when a limited amount is allowed to act upon ethyl phenylazo- 
acetoaoetate dissolved in anhydrous solvents, ethyl phenylazo-y-chloroaceto- 
acetatc and ethyl p-chlorophenylazo-y-chloroacetoacetate (formulas as (VI) ), 
cannot easily he isolated from the mixture of compounds produced. They 
can, however, readily be obtained by coupling the corresponding diazonium 
salts with y-chloroacetoacetic ester. 

Bromine also substitutes the phenyl nucleus, and replaces or substitutes 
the acetyl group in ethyl phenylazoacetoacetate, and the products can be more 
easily isolated than the corresponding chlorine compounds. 

* This oompound is also obtained by the action of 3 mols. of bromine upon a-keto- 
propaldehyde 2 : 4-dibromophenylhy(lrazone. 
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When two molecular equivalents of bromine react at the ordinary tempera- 
ture* with ethyl phenylazoacetoacetate in acetic acid containing either water 
or an equivalent amount of sodium acetate, an almost quantitative yield of 
ethyl a-bromoglyoxalatc-p-bromophenylhydrazone (X) is obtained, and the 
same compound is quantitatively formed when ethyl p-bromophenylazoaceto- 
acetate is similarly brominated. The action of one molecular equivalent of 
bromine upon ethyl phenylazoacetoacetate dissolved in acetic acid containing 
an equivalent amount of sodium acetate, whilst leaving a portion of the 
unsubstituted compound imat tacked, gives a mixture of ethyl a-bromogly- 
oxalate-phenyl and p-bromophenylhydrazones.f 

Excess of bromine carries the reaction no further than the ethyl a-bromo- 
glyoxalate-p-bromophenylhydrazone stage at the ordinary temperature, 
though in boiling acetic acid the aryl nucleus of this latter compound is further 
substituted, and ethyl a-bromoglyoxalate-2 : 4-dibromophenylhydrazone (XI) 
is formed 


COCH3 

Br 

1 

Br 

« 1 

<3nh nc ^ 

1 

J — ^ 1 Bro 

Br<^ >NH N:C — ^ 
1 

1 

^NH.N:C 

COjC^H^ 

CO2C2H5 

COfizHs 


w 

(») 


The action of three molecular equivalents of bromine upon ethyl phenylazo- 
acetoacctate, dissolved in glacial acetic acid at the ordmary temperature, 
causes substitution in the para position of the phenyl nucleus, and the acetyl 
group 18 at the same time substituted, two atoms of bromine being successively 
introduced, with the formation of ethyl p-bromophenylazo-YY-dibromoaceto- 
acetate (XII). COCHBr? 

^ I 

BrC >NH.n:C 

I 

COgC 2 H5 

(xn) 


When less than three molecular equivalents of bromine react with ethyl 
phenylazoacetoacetate, no single product is formed, and the mixtures resulting 

* Ab the temperature at which bromination is carried out is raised, the reaction proceeds 
lees and less cleanly, with a corresponding diminution in yield of ethyl a-bromoglyoxalate- 
aiylhydrazone. 

t As observed previously by Bowack and Lapworth, * J. Chem Soo.,* vol. 87, p. 18G4 
(1906). 
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are difflciilt to separate. The lower bromination products, ethyl phenylazo- 
y-bromoacetoacctate and ethyl p-bromophenylazo-y-brouioacetoacptate (Xlll) 
can, however, easily be made by coupling the corresponding diazonium salts 
with Y"l>ro*^oacetoacetic ester. 

COCHaBr COCHpBr 

I I 

Br^^NzCl+CHg > Br< >NH N.C 

I I 

CO2C2H5 CO2C2H5 

(xm) 

The action of excess of bromine at the ordinary temporaturo causes no 
further substitution, either in the phenyl nucleus or m the acetyl group, but 
when the temperature at which bronunation is carried out is raised, the 
carbethoxy group is first hydrolysed and finally replaced by bromme Thus 
p-bromophenylazo-YY“dibromoacetoacetic acid (XIV) is the chief product 
obtained when three molecular equivalents of bromine are allowed to react 
with ethyl phenylazoacetoacetate at 60^, w-hilst the action of excess of bromine 
m boiling acetic acid leads to the quantitative formation of (ipw-tribroino-a- 
kctopropaldehyde-2 : 4-dibromopheuylhydrazone (IX) 

COCHar2 

Br< >NH NX 

I 

COgH 

(xiv) 

All the substituted arylazoacetoacetates and a-halogenglyoxalate aryl- 
hydrazones when heated in acetic acid solution with tin and concentrated 
hydrochloric acid are reduced to halogen-substituted anilines, the constitution 
of which estabhshes the extent of nuclear substitution 

The ethyl a-halogenglyoxalate-arylhydrazones react rt'adily at the ordinary 
temperature with alcoholic ammonia, giving the corresponding hydrazidmes 

or ethyl a-aminoglyoxalate-arylhydrazones (XV) 

Hal NH2 

R.NH.N:C RNHN.C 


COjCaHs 


COjC jH, 

(xvl 
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As in the case of the similar compounds obtained from ethyl 2:4: 6-tTi- 
halogenphenylazoacetoacetates, the azO‘Y*halogen and 
acetates readily lose the elements of hydrogen halide when heated with an 
alcoholic solution of potassium acetate, ring closure takes place, and corre- 
sponding derivatives of 4-hydroxypyrazole result. Thus ethyl 2 : 4-dibromo- 
phenylazo-y-bromoacetoacetate yields 4-hydroxy-l-(2' : 4'-dibromophenyl)-3- 
carbothoxypyrazole (XVI). When this compound is brominated, it yields 
4"hydroxy-l-(2' : 4'-dibromophenyl)-3-carbethoxy-5-bromopyrazolc (XVII), 
which is also produced when ethyl 2 : 4-dibromophenylazo-YY‘dibromoaceto- 
acetate is heated with an alcoholic solution of potassium acetate. 


COiCt 
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These 4-hydroxyp3rrazole8 are well-crystallised, colourless compounds, which 
form colourless acetyl and benzoyl derivatives, the p3a^azolyl’4-acetates and 
pyTazolyl-4-benzoate8. 

Experimental, 

Ethyl os,'bromoglyoxal(Ue p-bromophenylhydrazone. 

9-6 g. of bromine (2 mols.) m 10 c.c. of acetic acid were added slowly to a 
cooled solution of 7 g of ethyl phenylazoacetoacetate (1 mol.), and 8 g. of 
crystallised sodium acetate (2 mols.) m 30 c.c. of acetic acid. After standing 
and careful addition of 50 c.c. of water, ethyl x-bromoglyoxalcUe-p-bromophenyU 
hydra/xme separated out. Colourless, long, slender prisms from alcohol, 
m.p., 149-150°. (Yield: 80 per cent, theoretical.) (Found: Br, 45*6. 
Calculated for CxoH^QOjNJBr, Br, 45-7 per cent.) 

Ethyl a-6fom<^IyoawI(i<€-p-6fom^ was similarly formed, in 

practically theoretical amount, when 1*6 g. of bromine (1 mol.) was added to 
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a solution of 3'1 g. of ethyl }>-bromophenylazoacetoacctate (1 mol.) and 1’4 g. 
of crystallised sodium acetate (1 mol.) in 10 c.c. of acetic acid. 

Ethyl (x.Hmirwgly<mloi^ 

6 g. of powdered ethyl a-bromoglyoxalate-p-broraophenylhydrazoue were 
added, in small portions, to a cooled saturated solution of ammonia in alcohol 
(10 C.C.). After standing for 30 minutes, ethyl a-amimglyoxodaie-^-hromo- 
phenylhydtazone, which is formed m almost theoretical amount, separated. 
It crystallises from boiling alcohol m colourless, flattened prisma, with domed 
ends, which become green on exposure to light, m.p. 164^-156°. (Found : 
Br, 28*0. CjoHigOjNjBr requires Br, 28-0 per cent.) 

Ethyl cL-bromoglyomlate-"! ■ i-dibromophenylhydrazone. 

4*8 g. of bromine (3 mols.) in 5 c c. of acetic acid were added slowly to a 
cooled solution of 2-3 g. of ethyl phenylazo-acetoacetate (1 mol ) and 2*7 g. 
of crystalline sodium acetate (2 mols.)* in 15 c.c. of acetic acid. The mixture 
was allowed to stand for 30 minutes to ensure complete formation of the 
intermediate ethyl a^bromoglyoxalate-p-bromophenylKydrazone, and then 
heated on a water-bath at about 70® for an hour On cooling and adding water 
ethyl (tdfr(mu>glyoml(Ue-2 : i-dibromophenylkydrazone separated as a rather 
viscid solid. It crystaUises from boiling alcohol in colourless, long, slender, 
flattened prisms, m.p. 120®. (Yield: 60 per cent, theoretical) (Found: 
Br, 66*8. OioHBOjNjBrg requires Br, 56 *9 per cent.) 

Ethyl cc-br(moglyoxalale’‘2 : i-dd)romophenylhydraz<me was also obtained 
practically pure and in almost theoretical amount, when 6 g. of ethyl a-bromo- 
glyoxalate-;^bromophenylhyd^azonc (1 mol ) and 2-4 g of bromine (1 mol.) 
dissolved in 30 c.c. of acetic acid were heated on a water-bath at 70®-80° for 
an hour. 

Ethyl cL‘aminoglyoxaiate’2 : 4-di6rowopAeiiy%drazon€ is quantitatively formed 
when ethyl a-bromoglyoxalate-2 : 4-dibromophenylhydrazonc is stirred with 
a saturated solution of a mm onia in alcohol. It crystallises from boiling alcohol 
in large, compact, colourless prisms, rap. 108°-109°, (Found: N, 11 -4; 
Br, 44-0. CjoHuOjiNjBrj requires N, 11-6 ; Br, 43*8 per cent.) 

Ethyl a-bromoglyoxalate 2 : i'dicfdorophenylhydrazone. 

1 - 6 g. of bromine (1 mol.) m 3 c.c. of acetic acid was added to a solution of 
3 g. of ethyl 2 : 4-dichlorophenylazoacetoacetate (1 mol) and 1 *4 g. of crystal- 
line sodium acetate (1 mol.) in 40 c.c. of acetic acid at the ordinary temperature. 

* If more than 2 mols. of sodium acetate are used, the solution darkens in colour during 
the subsequent heating, and the yield of ethyl ct-bromoglyoxalate-2 : 4-dibromophenyl- 
hydrazone is diminished. 
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After standing for an hour and then adding water, e^yl oL-broTnoglyoxalate- 
2 : i-dtcMofophmylhydrcizone separated out. It crystallises from boiling 
alcohol in colourless, flattened prisma, which become yellow on exposure to 
light, m.p. 117®. (Pound: Cl, 21*0; Br, 23-7. CiQHftOjNjOljBr requires 
Cl, 20*9; Br, 23*6 per cent.) 

Ethyl oL-chloToglyoxalate ^-chlorophenylhydrazone. 

2*3 g. of sodium N-chloro-p-tolylsulphonamide (1 mol.) were added in 
portions to a cooled solution of 2*7 g. of ethyl p-chlorophenylazoacetoacetate 
(1 mol.) in 5 o.c. of acetic acid. After standing for 30 minutes, ethyl a-cWoro- 
glyoxalate pn^Uorophenylhydrazone began to separate. It crystallises from 
boiling alcohol in long, flattened, colourless prisms, m.p. 146® -147°. (Foimd : 
Cl, 27*4 Calculated for CioHiqOjNjCIj, Cl, 27*2 per cent) 

Ethyl oL~cMoroglyoxalate p-bromophenylhydrazone, which was similarly pre- 
pared, crystallises from boiling alcohol in colourless, long, flattened prisms, 
m.p. 163®. (Found: Cl, 11*7; Br, 26-4 Calculated for CioHiQ() 2 N 2 ClBr, 
Cl, 11-6 ; Br, 26*2 per cent.) 

Ethyl oL-chloroglyoxalate 2 ‘ ^-dichlorophenylkydrazone 

3 g. of ethyl 2 : 4 -dichlorophenyla 2 oacetoacetate were suspended in 16 c c. 
of acetic acid, and chlorine passed m until the liquid was saturated The 
excess of chlorine and hydrogen chloride were aspirated off, and water care- 
fully added, when ethyl x-chlorogly(mdate-2 : i-dtchlarophenylkydrazone sepa- 
rated as a yellowish solid. It crystallises from boilmg alcohol in colourless, 
flattened prisms, m.p. 98°. (Found: Cl, 36 •! C 10 H 2 O 2 N 2 CI 3 requires Cl, 
36*0 per cent.) 

Ethyl oi-chloroglyomlate 2 : ^-d^(mophmylhyd/razo^ prepared similarly by 
the action of chlorine upon ethyl 2 : 4-dibroniophenylazoacetoacetatc, crystal- 
lises from boiling alcohol in felted, colourless needles, m.p. 108® (Found . 
Cl, 9*3 ; Br, 41*8. CiQH 902 N 2 ClBr 2 requires Cl, 9*2 ; Br, 41*6 per cent.) 

Ethyl p-bromophefiyhzo^-bf&nhO(u^oacet€tU {ethyl -^-bromo-oL^-diketobutyreUe- 
oL-ip’bromophenylhydrazone ) ). 

8*5 g. of p-bromoanilinc (1 mol.) were diazotised at 0°, using 40 c.c. of con- 
centrated hydrochloric acid and 3 • 6 g, of sodium nitrite (1 mol.). The resulting 
diazonium solution was slowly added at 0 ®, with constant stirring, to a solution 
of 12 g. of ethyl y-bromoacotoacetato (1 mol. + excess) in 60 c.c. of alcohol, 
containmg in suspension 70 g. of crystallised sodium acetate The stirring 
was continued for 2 hours, and the mixture then left at the ordinary temperature 
for 12 hours to ensure complete separation of the ethjfl p-bramophenylaz(hy- 
bromoacetoaoekUe. It crystallises from boiling benzene in long, slender, pale 
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yellow prisms, m.p. 113°-114°. (Found . Br, 40*7. CijHjaOaNjBrj requires 
Br, 40-8 per cent.) 

Ethyl phenylazo-y-brammc^oacetaief which was similarly prepared, crystal- 
lises from boiling alcohol in long, slender, golden-yellow prisms, m.p. 81®. 
(Found . Br, 26-5. CijHigOaNaBr requires Br, 26*5 per cent.) 

Ethyl 2 : i-dihromophmylazo^-brornocu^oaceMe, similarly prepared, separates 
from boiling benzene m golden-yellow, elongated prisms, m.p. 144®-145®. 
(Found : Br, 51*2. CigHnOgNafirg requires Br, 60*9 per cent.) 

The following arylazo-Y-chloroacetoacetates were obtained m the same 
way from ethyl ychloroacetoacetato and the corresponding diazouium salts. 

Ethyl phmylazo-Y-c}d<)roacetoa(ietate, flattened, golden prisms from alcohol, 
m.p. 92®. (Found: Cl, 13*2. Calculated for CijHigOgNgCl, Cl, 13*2 per 
cent.) 

Ethyl p-chlorophenylazo-y-chloroacetO(wet(Ue^ flattened, yellow prisms from 
alcohol, mp. 102®-103®. (Found Cl, 23*5. Ci.jHia 03 NgCl 2 requires Cl, 
23-4 per cent.) 

Ethyl 2 : i-dicMoropIienylazo-y’ChloroctcetoacelcUey long, slender, pale yellow, 
flattened prisms from alcohol, m.p. 105®, (Found : Cl, 31-7. CijHnOgNjClg 
requires Cl, 31-5 per cent ) 

Action of bfmmm (3 tnols ) on ethyl p^ienylazoaceioacetate in cold acetic acid 
Formation of ethyl p-broniophenylazo-yy-dilyrofnaacetoacelate, 

24 g. of bromine (3 mols ) in 10 e c, of glacial acetic acid were added in 
portions to a cooled solution of 11 • 7 g. of ethyl phenylazoacetoacetate m 30 c.c. 
of glacial acetic acid. Ethyl ji-bfon\ophenylazo-yy-dihr(miO(U}elocuieM began to 
separate almost at once as a yellow solid It was collected after standing for 
2 hours, and after washing with a little acetic acid was practically pure. It 
crystallises from alcohol m bright yellow, flattened prisms, m.p. 135®-136®. 
(Yield: 80 per cent, theoretical.) (Found: Br, 61*0. CjjHiiOgNjBrg 
requires Br, 60-9 per cent.) 

On reduction with tin and hydrochloric acid in boiling acetic acid solution, 
It yielded p-bromoamline. 

Action of bromine (3 mols ) on ethyl phenylazoacetoacetate in hot acetic add. 
Formation of pd)rofnophenylazo-yyd%bromoacetoacetic acid. 

48 g. of bromine (3 mols ) m 30 c.c. of glacial acetic acid were added to a 
solution of 23 g. of ethyl phenylazoacetoacetate in 30 c.c. of glacial acetic acid, 
the temperature during addition being kept at 60®'**70°. The colour of the 
bromine at once disappeared, and hydrogen bromide was copiously evolved. 
On coolmg, a yellow solid was deposited, consisting chiefly of p-bromophenylazo- 
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yy-dibr<mioaiceU)acetic acid It is rather sparingly soluble in boiling acetic 
acid, from which it separates in beautiful golden-yellow, flattened prisms, m p. 
206° (decomp.). (Yield: 60 per c^nt. theoretical.) (Found: N, 6-4; Br, 
64-3. CiQH 70 aN 2 Br 3 requires N, 6*3; Br, 54-2 per cent.) 

On reduction with tin and hydrochlonc acid in boiling acetic acid solution, it 
yielded p-bromoaniline. 

Ethyl 2 : ^-dibromophmyhzo-y’bromoacetoacetate. 

4*8 g of bromine (1 mol.) dissolved in 5 c.c. of glacial acetic acid were added 
cautiously to a hot solution of 11 *7 g. ethyl 2 : 4-dibromophenylazoacetoacetate 
(1 mol.) in 26 c.c. of glacial acetic acid. On cooling, ethyl 2 : i-dibromophenylaz(h 
yd>r<moaiCetoacetate separated as a yellow solid. It crystallised from boilmg 
benzene, m golden-yellow, elongated prisms, m.p. 144°-145°, and was m every 
respect identical with the compound prepared above by coupling 2 : 4-dibromo- 
phenyldiazonium chloride with ethyl Y‘bromoacetoacctate. The yield was 
almost quantitative. 

EHiyl 2 : 4‘dich/orofihmylazo-Yd»'amoaoe(4Xioetate was similarly prepared by 
acting upon ethyl 2 : 4-dichlorophenylazoacetoacetate in glacial acetic acid 
solution, with 1 mol. of bromine. Long, slender, flattened, pale yellow prisms 
from benzene, m.p. 113°. (Found: Cl, 18*76; Br, 21*0. C^jHiiOaNaCIaBr 
requites Cl, 18-6 ; Br, 20*9 per cent.) 

Ethyl 2 . 4-dibrotnophmyhzo-yy-dtbromoacetoacetate. 

3*2 g. of bromine (2 mols.) dissolved in 3 c.c. of glacial acetic acid were added 
to a solution of 3*9 g. of ethyl 2 : 4-dibromophenylazoacetoacetate (1 mol ) 
in 10 c.c. of glacial acetic acid at about 100°. Ethyl 2 : i-dibromophenylazo- 
yydtbromoacetoacelate separated immediately from the hot solution as a yellow 
Bobd. It crystallises from boiling acetic acid, in which it is rather sparingly 
soluble, in long, yellow needles, m.p. 163°-164° (Yield : 90 per cent, theo- 
retical.) (Found: Br, 68*4. Br, 68*2 per cent.) 

Ethyl 2 : 4-dicWoropA€nyfazo-YY-dt6fcw»oacefoac6toic, similarly prepared by 
the action of 2 mols. of bromine upon ethyl 2 : 4-dichlorophenylazoaGetoacetate 
dissolved in acetic acid, crystalbses from acetic acid in lemon-yellow needles, 
m.p. 128°. (Found: Cl, 15*6; Br, 34*9. requires Cl, 

16*4 ; Br, 34*7 per cent.) 

Action of chlonne upon ethyl 2 : i-dKhlofophmylazo(weiM(^ in cfdoroform. 
Formatum of ethyl 2 ; ^-duMorophenylazo-y-chloroacetoaoetate 
6 g. of ethyl 2 : 4-dichlorophenylazoacetoacetat6 were dissolved in 20 c.c. 
of dry chloroform which had been previously saturated with dry hydrogen 
chloride, and a slow stream of chlorine was bubbled through, at the ordinary 
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tempexatmo, until tho liquid was saturated. The excess of chlorine and 
hydrogen chloride was then aspirated off, and the bullc of the chloroform 
allowed to evaporate at the ordinary temperature. The resulting yellow, 
viscid mass was repeatedly crystallised from boiling alcohol, when ethyl 2 : 4- 
dtchlorophenylazo-y-'chloroacetoacetate, m p. 105°, was obtained, though in very 
poor yield It was identical, in every respect, with the compound obtained as 
above by coupling 2 : 4-dichlorophenyldiazonium chloride with ethyl y-chloro- 
acetoacetate. 

Actum of excess of brotnine upon ethyl phenylazoaceioacetate Formation of 
P ^(ii4nbromo-QiL~ketoprop(ildehyde-2 4:-dtbromophemjlhydrazotte. 

(CeH^Bra . NH N • CBr . COCHBra.) 

24 g. of bromine (7 mols.) in 20 c c of acettc acid were added to a solution of 
4-7 g of ethyl phenylazoacetoacetate in 30 c.c. of acetic acid, at 100°, tho 
solution being then heated on a water-bath for an hour. Hydrogen bromide 
was freely evolved, and i^^t^-iribrotm-OL-hetopropaldehyde-^ : ^‘dihromophenyl- 
hydrazonc (8*4 g.) separated from the hot solution as a yellow solid. It 
crystallises from boiling acetic acid m deep yellow needles, in.p. 140°“141°. 
(Found : Br, 71*7. CyHsON^Brj^ requires Br, 71-8 jkt cent ) When reduced 
in boiling acetic acid with tin and hydrochloric* acid it yj<‘lded 2 ; 4-dibromo- 
anihne, 

^^UidnbronvO‘tii-}wtopro})(ildekyde-2 ^-dtbromophenylhydrazone is also formed 
by tho action of excess of bromine at an elevated temperature upon nny of the 
lower bromination products. 

(x.-ketopropaldehyde-2 . 4:-dthromophenylhydrazomi 

20 g. of 2 : 4-dibroraoaniIme (1 moL) were diazotised using 6 g. of sodium 
mtnte (1 mol.) and 80 c.c. of concentrated hydnichlonc acid. The resulting 
diazonium solution was slowly added, at 0°, to a solution of 10 g. of acetoacetic 
acid* (1 mol. + excess) in 250 ce. of water During the addition of the 
diazonium solution, 150 g. of crystalline sodium acetate (1 mol. + excess) wore 
added in portions. The stirring was continued for several hours after the 
addition of the diazomum solution, and the oL~ketopropdld€hyde~2 : i-dibromo~ 
phenyUiydrazone which had separated, was collected after standing at the 
ordinary temperature for 12 hours. It cTystallises from boiling alcohol, in 
very pale yeUow, long, slender prisms, m.p. 166°. (Found: Br, 49*7. 
GgHgON^rg reqmres Br, 60 *0 per cent.) 

* Japp and KUngemann, * Ann Chem./ vol. 247, p. 190 (1888). 
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Advm of bromine (3 mol$\) upon oL-ketopropaldehyde-2 : i-4ibromojAenyl- 
hydrazone. Formation of ^^oi4ribromo-cL-ketopropaldehyde-2 : i-dibromophenyl’ 
hydrazone, 

4*8 g. of bromine (3 mola.) dissolved m 6 c.c. of aoetio acid were added to a 
solution of 3*2 g of a>ketopropaldefaydejti^ii4»dibromopheuyIhydrazone in 
20 c.c. of hot glacial acetic acid. Onj^ling, ^^S^g^omo-cz-ketopropiM 
hyde-2 : ^-diiromophenylhydrazone Hepid|fted quantitative as a yellow solid. 
It crystallised from boiling acetic acidgn deep yellow nee^es, m.p. 140°-141® 


and is identical in every respect vrith 1 
excess of bromine upon ethyl phenyl^ 
All the arylazo-y-halogenacetoacetate 


compound obtaijfbd by the action oj 
itoacetate (s^above). 
anil^fylazo-y^aihalogenucetoacej|j(es 


desenbod above, yield derivatives of ^^fl^roxy^pHISole, in almost quaiiJi^ive 
amount, when heated with an alcoholic s^^ion of potassium aceta^ 

4-Ay<iroxy-l-(2' : 4'-difrrowoyAenyI)-3-<»f6ei®^tf^a2ofe. 

4*7 g. of powdered ethyl 2 : 4-dibromophe^iaa(^‘;^j^]jj{iljlp^ (1 

mol.) were added in portions to a boiling solution of 2 g of potassium acetate 
(1 mol. + excess) m 60 c.c of alcohol At each addition of the ethyl 2 : 4- 
dibromophenylazo-y-bromoacetoacetate a red colouration developed momen- 
tarily, and potassiiun bromide separated The boiling was continued for a 
few minutes. On cooling and adding water i-hydroxy-l-[2 ' : 4:' -dibromophenyiy 
^-oarbethoxypyrazole separated as a colourless solid It (crystallises from 
boiling alcohol in small, colourless, hair-like needles, m.p. 160®. (Found . 
Br, 41*3. OjjHjQOjNgBrg requires Br, 41*0 per cent) When heated with 
acetic anhydride containing a drop of concentrated sulphuric acid it gave 
l-(2' : 4:'-dibromophenyl)-^-carbethoxypyrazolylA‘acetate Long, colourless pnsms 
from alcohol, m.p. 103®-104°. (Found: Br, 37-2. C| 4 H|, 04 N|Brg requires 
Br, 37*0 per cenc.) 

l-(2' : i'^dibromophenyiy^-carbethoxypyrazolylA-benzoate, obtained by the 
Schotten-Baumann method, crystallises from boiling alcohol, in long, slender, 
colourless prisms, m.p. 137®. (Found; Br, 32*6. CiftHi 404 N^rg requires 
Br, 32*4 per cent.) 

4-Aydfoay-l-(2' . 4;' -dibromophenyly^-mrbethoxy’f^-bromopyrazole, 

0*6 g. of bromine (1 mol.) in 2 c c of acetic acid was added to a solution of 
1*3 g. of 4-hydroxy-l-(2' : 4'-dibromophenyl)-3-carbothoxypyrazole (1 moL) 
m 10 c.c. of boilmg acetic acid. The colour of the bromine at once disappeared, 
and, on cooling, 4-Aydroa^-l-(2' : 4' 'dihr(mophenyiy^<afbeihoxy-b-bromopym~ 
zole separated as a colourless solid. It crystallises from boilmg alcohol in 
long, coburless, flattened, obliquely truncated prisms, m.p. 180®. (Found : 
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Br, 51*4. Ci^nQ^gBr, req^res Br, 51-2 ^cent.) Tbs compound was 
also obtained when etitjl tt . ^dibromophenylazo-^^^^U^fOmoacetoacetate was 
heated with an alcoholic solution of potassium acetate. 

Its a^yl denvcUtve forms compact prisms from alcohol, m.p 91®-92°. 
(Found: Br, 46-9. Ci4Hii04N2Br3 requires Br, 47*0 per cent.) 

By similar methods the following derivatives of 4-hydroxypyrazole were 
also prepared. 

4-A!^ro®y-l-pAeat/l-3-car6ctAoxypymtolc,* obtained from ethyl phenylazo- 
y-chloroacetoacetate and from ethyl phenylazo-y-bromoacetoacetate, crystal- 
lises from alcohol in colourless compact prisms, m.p. 85°. (Found . N, 12-0. 
CjjHjjOaNj requires N, 12*1 per cent.) 

4-Aytiroxy-l-(p-6form)pAewyJ)-3-caf6eiAoa:yp^azote, separates from boiling 
alcohol in colourless, flattened prisms, m.p 136°-137°. (Found Br, 25-6. 
CjjHnOjNjBr requires Br, 25-7 per cent.) 

i-hydroxy’h(^-br(mophenyl)-i-mrbethoxy~5~bromopyrazole is moderately 
easily soluble in boiling alcohol, from which it crystalhses m slender, colourless 
prisms, mp. 103°. (Found: C, 36-9; H, 2-6; N, 7*0; Br, 41-2. 

requires C, 36-95 , H, 2-6 , N, 7*2 ; Br, 41-0 per cent.) 

Its acetyl iermUive crystallises from alcohol m shining, colourless leaflets, 
m.p. 134°. (Found • Br, 37-0. C|4Hjj04NaBra requires Br, 37*0 per cent.) 

i-hydroxy-l-(p-chlorophenyiy3-carbethoxypyrazole, elongated, slender, colour- 
less prisms from alcohol, mp. 137'’ 138° (Found: Cl, 13-2. CuHiiOgNjCl 
requires Cl, 13-3 per cent.) 

A-hydToxy’l-(2' : i*-d%chlorophenyiy^-carbethoxypyrazole was prepared from 
both ethyl 2 : l-dichlorophenylazo-y-chloTOacetoacetate and ethyl 2 : 4- 
dichlorophenylazO'Y’bromoacetoacetate It crystallises from boilmg alcohol 
in long, colourless, flattened prisms, m.p. 154°-166°. (Found: Cl, 23-7. 
CjjHxoOsNaCla requires Cl, 23-6 per cent.) Its acetyl denmtive separates 
from boiling alcohol in felted, colourless needles, m.p. 85°. (Found : Cl, 20-6. 
C,4Hi,04Nj|Cla requires Cl, 20-7 per cent ) 

4-Aydroa:y-l-(2' : -dichlorophenyl)-3-caH)etlMxy-b-chlaropyr<izole was prepared 
by chlorinating 4-hydroxy“l“(2' : 4'-dichlorophenyl)-3-carbethox)rpyrazole m 


* Thu description of 4-hydroxy-l-phenyl-3>carbethoxypyra7iO]e (m.p. 85° C.) agrees 
with the obaervation of Wolif (‘ Ann. Chem./ vol. 313, p. I (1900) ), who first obtained thu 
compound from ethyl phenylazo-Y-brorooacctoaootate. favrul (' C. R. Acad. Sex.,' Faria, 
vol. 166, p. 1912 (1913) ), who states that he obtained the compound from ethyl phenylazo- 
Y-ohlofoacetoaoetate, gives its melting point as 258°-260° C. The compound he describes 
cannot have been 4-hydroxy- l-phenyl-S-carbethoxypyrazole. 
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acetic acid solution at the ordinary temperature. It crystallises from boilmg 
alcohol in long, slender, flattened, colourless prisms, m.p. 161°. (Found : 
Cl, 31-7. CijIlQOaNaClB requires Cl, 31 • 7 per cent.) 

i-’hydroxy-l-(2* : 4:' -dichlorophmyl)-Z-carbethoxy-5-br(mu)pyrazoU was obtained 
both by eliminating hydrogen bromide from ethyl 2 : 4-dichlorophenylazo- 
YY-dibromoacetoacetate, and by brominating 4-hydroxy-l-(2' : 4'-dichloro- 
phenyl)-3-carbethoxypyrazole. Colourless, flattened, obliquely truncated 
prisms from alcohol, m.p 176°-177°. (Found: Cl, 18'7 ; Br, 21-0. 
CijHttOjNaCIjBr requires Cl, 18*7 , Br, 21*06 per cent.) 


Summary 

The action of chlorine or bromine upon arylazoacetoacetates, m which the 
cyclic group is not already fully substituted, causi*s both substitution in the 
nucleus and replacement or substitution of the acetyl group or carbethoxy 
group 

Two halogen atoms only enter the phenyl nucleus, even when excess of 
halogen is used Hence the action of either chlorine or bromine upon ethyl 
2 : 4-dichloro- or ethyl 2 • 4*dibromopheuyl’azoacetoaeetate is similar to its 
action upon the corresponding ethyl 2*4: 6-trihalogenphenylazoacetoacetates. 

According to conditions, bromine either replaces or substitutes the acetyl 
group, and finally replaces the carbethoxy group, yieldmg the compounds, 


X 

X I 
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I 

COjCaH, 


COCHXe 
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X <^ NH N C 
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COeCeH, 
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COCHzX 

^ I 
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COCHX2 
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X^~~^NH n:C 


I 


(IV| 


X = (Jl or Br. 


With chlorine only stages (I) and (II) are realised, since the molecule breaks 
down when the more vigorous action required to bring about stages (III) and 
(IV) IS attempted. 
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The action of chlonne and bromine on unsubstituted or partially substituted 
ethyl phcnylazoacetoaoetato is similar, but halogen atoms also enter the 
nucleus. As these various substitutions and replacements do not, however, 
occur m strict sucGCBsion^ mixtures are gem^rally obtained, from which indi- 
vidual compounds can only be isolated with difficulty. 

When heated with alcoholic potassium acetate, the arylazo-y-halogenaceto- 
acetates and arylazo-Yydffialogcnacetoacetates lose hydrogen halide, with rmg 
closure, and formation of derivatives of 4-hydroxypyrazole. 


The Apparent Conductimty of Oxide Coatings med on Emitting 

Filaments 

By R H. Fowler, F R.S., and A. H Wilson 
(Received June 3, 1932 ) 

§1. Recent experiments by Reimann and Treloar* among others have 
thrown further light on the way in which the electrical current supplying the 
filament emission passes through the coating of barium- or strontium-oxide, 
used to render the filament a low-temperature emitter. They have studied 
in particular the variation of the current fiowing with applied potential and 
with temperature. Though these phenomena have been elaborately dis- 
cussed already by these authors and also by Reimann and Murg 0 Gi,t by Becker| 
and by Lowry,§ it seems to us possible that something new can be said m the 
hght of the more detailed theory of semi-conductors and rectifying contacts 
now available.il It is possible that in return for the study of conductivity 
some light may be thrown on the most perplexing feature of thermionic 
emission from oxide-coated cathodes — its failure to saturate properly for 
moderate voltages. 

• * Phi!. Mag.,* vol. 12, p. 1073 (1931). 

t ‘ Phil. Mag.,’ vol. 9, p. 440 (1930). 

t ‘Phys. Rev.,* vol. 34, p. 1323 (1929); ‘Trana. Amer. Eleotro-ohem. Soo.,* vol. 69, 
p. 207 (1931). 

§ * Phys. Rev..’ vol 36. p. 1367 (1930). 

11 Wilson, * Ftoo. Boy. Soo.,* A, vol. 136, p. 487 (1932). Substantially the same theory 
has been proposed independently by Frenkel and Joffe, * Phys. Z. Sowjetunion,' vol 1, 
p. 60 (1032), and Nordheim, * Z. Physik,* voi. 75, p. 434 (1932). 
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The recent experimental work of Reimann and Treloar need only be shortly 
smnmarised here. The conductivity measurements were made by measuring 
the current between two oxide-coated nickel filaments twisted tightly together 
and recoated after twisting. [The two twisted wires were used jointly as a 
single cathode for thermionic measurements.] The conductivity as measured 
is therefore derived from the current flowing from metal electrode to metal 
electrode for given potential difference between the electrodes, deeply immersed 
in the oxide and separated by a thickness of oxide of the order of 0*02 mm. 

The conductivity grows during sl forming process and suffers oxygen poison- 
ing in very much the same way as the thermionic emission ; as a consequence of 
these forming and poisoning processes it is agreed that some amount of electro- 
lysis is going on, which may well account for the greater part of the conductivity 
in the earliest stages of forming. We shall see later in discussing the time- 
effects of the conduction currents that we must suppose that part of the current 
is carried electrolytically throughout the life of the filament. But we shall 
also be driven to conclude from the same time-effects that the current must be 
composite and cannot be purely electronic or purely electrolytic. There is 
no longer any difficulty in supposing that the major part of the current is 
electronic so far as concerns the temperature-variation of the current for given 
voltage. This variation is that typical of electronic semi-conductors. It is 
our object here to examine whether the current-voltage-temperature relation- 
ship for the formed coating may not be simply (but of course only roughly) 
explained on the supposition that the current is mainly electronic, provided 
we bear m mind the peculiar properties of semi-conductors and semi-conductor- 
metal contacts. We conclude that such an explanation is possible, but no 
precise and elegant account is to be expected of such a complex phenomenon. 

§ 2. Ideal Current-vdtage BekUwnships for the System Metal-semi-condtictor^ 
metal . — The current-voltage relationship observed by Reimann and Treloar 
is a composite one built up out of three sections which must be discussed 
separately — ^thc nickel /oxide interface, the oxide itself, and the oxide /nickel 
interface. The whole system might be asymmetrical and have a rectifying 
effect, but it IS more reasonable and probably correct to assume that the mean 
properties of the two contacts are the same, since they were treated identically, 
so that the system is symmetrical and cannot rectify. 

The voltage V applied between the nickel filaments may be thought of as 
broken up into three parts 


V = Vi + V, + V3. 


( 1 ) 
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applied respectively to the metal/oxide interface, the oxide layer and the 
ozide/metal interface. Then according to the proposed theory of semi-con- 
ductors and rectifying metal /semi -conductor contacts, we have approximately 



(metal/oxide) 

( 2 ) 

I = Be-w/*TV, 

(Ohm’s law %n oxide) 

(3) 

I (1 - g.V.,iT. 

(oxide/metal). 

(4) 


These formulae provide only a rough approximation to the exact formule 
of the theory, but they should suffice for a first survey. A and B are con- 
stants ; they include really powers of T whose variation may be ignored 
compared with that of other factors. The factor the number 

of conducting electrons m the oxide provided by the thermal exintation. The 
factor exp (± eV/A:To) represents the variation of the mean transmission 
coefficient of the metal/oxidc contact with the voltage applied across the 
contact ; isTp being merely a constant representing the properties of tliis 
layer. The factor will over-estimate the effect of V on the transmission 
coefficient for values of V greater than IcTq. In general kT^ may be expected 
to be fairly large compared with A:T. 

Formula ( 4 ) gives the current-voltage ndationship for a rectifymg contact 
when the current flows in the din‘ction of high resistance. It is obvious by 
inspection that the current tends to saturate at the value A exp (— W/fcT) and 
later increases again owing to the increased transmissibility Formula (2) 
gives the similar current voltage relationship m the direction of Unv resistance. 
There is here a rapid exponential increase of current, somewhat affected at 
later stages by the diminishing transmissibility. Formula (3) is merely Ohm’s 
law for the oxide itself. 

In order to obtain las a function of V from formulae (lH4)it is only necessary 
in principle to assign suitable values to the constants, plot I as a function of 
Vj, of Vj, of V 3 , on three separate diagrams, read off Vj, V 2 and V 3 for a given 
value of I, thus obtaining 1 ==/(Vi -f Vg + V 3 ) — /(V). Various devices 
can be used to shorten the work, into which we need not go. The curves 
shown in fig. 1 are the result of this process, using the values of T^ and A/B 
there stated. These are the only structural parameters in the equations which 
affect the form of the curves. The remaming constant, which may be taken 
to be A exp (— W/JfcT), is a common factor in each expression for 1. Smee we 
cannot compare absolute values of I c^alculated and obsc^rved, this common 
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factor does not concern us except for its temperature variation, which merely 
altera the scale of I from one temperature to another. 

§ *3. Characteriatm of the I-V Curves and their Cornfarison with Observed 
Values , — It 18 easily aoen that the curves are of much the same characteristic 
shape at all temperatures, the principal change being in the scale factor 
exp (— W/iT). The only other factors in which the temperature occurs are 
(exp zYJkT — 1 ) and {1 — exp (— cVa/iT)}. Of these the first is comparatively 



Fio. 1.— Showing oaloulated and observed current- voltage curves I —/(V) = /( Vi-f V,-f V,) 
for different values of the parameters and a temperature of 922^^ K. 

unimportant, since is small and adjusts itself to V3, The second factor is 
practically constant for large values of V3, and so, if we remove the scale factor 
exp(— W/ikT), the various current-voltage curves will differ somewhat for 
small values of V, but will tend to become the same for values of V much larger 
than kT. The general similarity of shape means that, if any particular voltage 
V is chosen (it does not much matter what) and log I is plotted against 1 /T for 
constant Y, a good straight line will be obtained whose slope will determine W. 
This should occur in spite of the peculiar shape of the I-V curve and its failure 
to show saturation. It was, in fact, found by Reimann and Treloar that good 
straight line plots of log I against I/T are so obtainable. 

The calculated curves at all temperatures show a considerable amount of 
character,” differentiating them from the ohmic straight line. They all 
show the initial sharp rise and the tendency to saturate, followed later by a 
further increase. The character is naturally more marked for larffer values 
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of T 0 , which delay the breakdown of the attempt to saturate to higher voltages 
and for larger values of B/A, that is, for a smaller ohmic part of the total resis- 
tance. Except that the final rate of increase, m the neighbourhood of 5 volts 
or so, is too rapid, the calculated curves give a very good representation of the 
observed I-V curve at 922^^ K. given by Reimann and Treloar, m their fig. 3, 
curve L It is, however, interesting to record that their observed curves at 
lower temperatures show distinctly less “ character and cannot be imitated 
by any of the calculated curves using constants in any way comparable to 
those used at 922*^ K. In the particular curves of this figure agam, the ratio 
of the currents at 922° K. and 793° K. and at 793° K. and 652° K. are quite 
inconsistent with a constant value of W, especially at the higher voltages. 
Now a variation with temperature like exp (— W/ikT) is to be expected of the 
current at a given voltage, whether it is electronic or electrolytic. Wo are, 
therefore, forced to conclude, if the electronic theory we are using is in any way 
correct and if the experiments may be taken at their face value, that the current 
IS a mixed one, mainly electronic at the higher temperature, mainly electrolytic 
at the low. This is in agreement with the results of Becker,* who finds a 
conductivity of the type 

and who interprets these terms as electronic and electrolytic respectively 
with Pi > Pj, ai ttg. The change m “ character of the curves for different 
temperatuies appears to us by itself as necessitating some such interpretation 
as that the current is a mixture of two different effects. 

So far we have not considered how the electrolytic part of the current should 
vary with voltage, but this can readily be done, if wc use the model proposed 
by Gumeyt m his paper on the quantum mechanic.s of electrolysis, and assume, 
rather boldly perhaps, that it is applicable also to the electrolysis of the solids. 
The current is then carried through the oxide coating by Ba"^ (or Ba"'"^) and 0~ 
(or 0 ) ions which are discharged at the metal electrodes by extracting an 

electron from or surrendering one to the metal. The relationship between the 
voltage dropand the current across either interface is for this current of the form 


or 


d log I __ e 
dv j/fcT 


(y>i) 




\ 

I 

) 


( 5 ) 


♦ Loc. cil. (1931). 

t ‘ Proc. Roy. 8oc.,’ A, vol. 134, p. 137 (1931). 
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provided the voltage is not too great, the sign of V being, of coii^e, that required 
to drive the electron current. The relationship for the oxide itself is perhaps 
roughly ohmic, but comparatively more important than the ohimc part of the 
electronic current owing to the much shorter free path of an ion. ^he electro- 
lytic current according to equation (6) plus an ohmic section willishow no 
tendency to saturate at moderate voltages ; without the ohmic s^ion it 
would increase exponentially over the whole voltage range, for which (6) is ^lid, 
which is of the order of a few volts. With an ohmic section the exponential 
rate of increase will be steadily slowed down until the current- voltage curve-, 
approximates to a straight line at the higher voltages. The voltage at which 
this occurs will, of course, depend on the temperature and also on the relative 
importance of the interface and ohmic potential drops. The ohmic section 
will also, of course, be required to take up the greater part of the total voltage 
drop, so that the voltage drops across the interfaces will probably remain 
in the region of validity of (5) for comparative large total voltages. The 
electrolytic current-voltage curves will therefore show none of the “ character 
found at 922° K. (fig. 1). They are therefore just exactly of the general type 
required to explain the curves found by Reimann and Treloar at lower tempera- 
tures. 

To attempt any more detailed analysis of the I-V curves on these lines 
would be a mistake, as there are too many constants at ourdisposal to make any 
fitting of the curves obtained significant. But if we may suppose that the 
electronic current is dominant at 922° K., we may conclude that the theory 
gives an excellent account of the observed curve, except at the higher voltages. 
But here the too sharp rise of the theoretical curve is due to the faulty approxi- 
mations wo have used for the actual theory, 

§ 4, Time-changes in the Current-voltage Relationship , — ^If the proposed 
explanation of a mixed conductivity is accepted, we believe that a satisfactory 
explanation can be given of the time-changes in the current voltage relation- 
ship, observed especially at low temperatures. At such temperatures it is 
found that on imposing a new voltage the current only slowly reaches its new 
equilibrium value. In particular if the voltage, havmg been steady at Vj with 
a current is reduced to Vj (with a final equilibrium current Ij), the current 
rapidly falls to a value (> I|) which may be more than twice as great as I,. 
Now suppose the current is mixed. Besides the electron current there is then 
an electrolytic current, positive Ba ions going one way and negative 0 ions 
the other, both being discharged on the filament electrodes. Besides the 
steady accumulation of discharged atoms, there will tend to be a concentration 
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gradient of and 0~ ~ with ansociated back potential gradient opposing 
the electrolytic current character^tic of the current flowing. This potential 
gradient will, of course, also oppose the electron current. But the modifica- 
tion of the potentials in the surface payers, by the Ba^^ in the oxide to which the 
electron has to jump from the metal and by the 0 m the oxide from which the 

electron has to jump to the metal, will assist the electron current, and if the 
ohmic part of the resistance is small this effect can easily outweigh the polarisa- 
tion effect in the oxide itself. Thud, after a decrease of voltage, and until the 
concentration of heavy ions has fallen by diffusion to the correct new value, 
an electron current will flow which is greater than the equilibrium value for 
the new voltage, thus accounting for the observations 
It must not be supposed that we could yet give a satisfactory quantitative 
account of the observations m this simple way. We have suggested that at 
low temperatures the electrolytic current becomes a significant fraction of the 
whole current, or even dominates it. At the same time we propose to explain 
the time effects by changes in the electronic current due to changes in the 
heavy ion concentrations. It has yet to be shown in numerical detail that these 
two effects are consistent, and this is not possible without a more elaborate 


theory. 

§ 6. Formiiig, Pcnaoning and Remoing . — We now comment shortly on the 
special features of oxide-coated cathodes enumerated in the heading, for they 
seem to provide some of the strongest evidence that the coating is an electronic 
semi-conductor with an impurity <ionductivity, the important impunty being 
free barium or strontium. In “ forming ” a filament the formation or activa- 
tion proceeds much more rapidly if electron currents are drawn from the coating 
than if the coating is merely heated. When currents are flowing the barium 
ions will move through the coatmg, thus beginning to supply the necessary 
electron sources for the conduction. Activation proceeds with oxygen emis- 
sion, and poisomng is the reverse process proceeding when oxygen can be 
supplied to the filament. All these features point to the necessity of free 
barium in the coatings, which is even more forcibly supported by the fact that 
free barium activates a filament when directly supplied by distillation. There 
is thus quite unambiguous evidence that the active state of the filament (when 
the filament coating both conducts current and emits electrons efliciently) 
is a state in which free barium is present as an impurity and probably (but this 
is only an inference) present both on the surface as a monatomic film and in 
the bulk of the material. That an active coating is in such a state that it will 
conduct electromcally as an impurity semi-conductor is therefore no ad hoc 
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hypothesis, but a necessary consequence of its other properties. It seems to be 
fair to conclude that the observed uurmnt-voltage relationships are to be 
accounted for in the way we have suggested. 

§ 6. The Thermionic Emission —When we come to consider the thermionic 
emission, and m particular its variation with anode voltage, it must at once be 
admitted that any existing theory fails completely. In spite of this we wish 
to point out some significant facts in the hope that they may in the future 
lead to a better understanding of the underlying processes. The most striking 
feature of the thermionic current is its failure to saturate, and the curves of 
thermionic current against anode potential show an extraordinary resemblance 
to the curves of conduction current against voltage, which we have discussed 
above. This failure to saturate is not confined to oxide-coated filaments, but 
occurs whenever the emitting surface is composite, even when there is less than 
a monatomic surface layer of foreign matter present. It is reasonable, there- 
fore, to ascribe the failure to saturate to the presence of a film of barium on 
the surface of the oxide, but we can give no reasonable explanation of the effect 
of this film. The only way m which the thermionic current can be made to 
imitate the conduction current seems to be to assume that the passage of the 
electrons through the composite surface layer to the vacuum requires a potential 
drop Vj and has a current-voltage relationship ( 1 , Vj) similar to that for the 
oxide /metal interface. We are then required to assume further that there is a 
current-voltage relationship (I, V4) for the gap between the outside of the film 
on the cathode and the metal anode itself. Since there are no significant space 
charge effects in such cases, one is tempted to say that = 0. But the 

problem then becomes indeterminate — ^thatis, there is no unique (I, V) relation- 
ship where V = Vj -f Vg + V, -f V4, unless one other equation can be found 
such as 74 = 0 . If we might assume 74 = 0 and the proper features for the 
oxide/vacuum interface, then the observed thermionic current-voltage curves 
could be reproduced. For these assumptions we have no theoretical justifica- 
tion at present, but we believe a search for a solution along these lines might 
be profitable. 

It is a pleasure, m conclusion, to thank Messrs. RcimannandTreloar, of the 
General Electric Company Research Laboratories, Wembley, for the informa- 
tion they have supplied to us, and for many illuminating discussions which 
gave rise to this paper, and Mr. J. Maodougall for help in computation. 
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Summary. 

Recent experiments have established peculiar forms for the electrical con- 
ductivity of an oxide coating as applied to a metal wire to make it a good low 
temperature thermionic emitter. The current flowing has been studied as a 
function of voltage and temperature. By applying Wilson's theory of semi- 
conductors and rectifying contacts, and Qurney’s theory of electrolytic con- 
duction, it is possible to give a satisfactory analysis of the observations and to 
conclude that the current is a mixed one, mainl v electronic at high temperatures, 
mainly electrolytic at low. The marked resemblances between the behaviour 
of the conduction ouirent as a function of voltage and temperature and the 
behaviour of the thermiomc emission, and one of the outstanding difficulties 
of thermionic theory, are commented on. 


The Influence of Foreign Gases on the IjOwct Critical Oxidation 
Pressure of Carbon Disulphide. 

By A. Ritchie, R. R, H. Brown, and J. J. Muir 
(Corninunicated by J Kendall, F.R.S — Received April 8, 1932 ) 

The study of gaseous reactions has recently acqmred additional mterest, 
since it has been found that a considerable number of reactions can bo oxplamed 
on the basis of a chain hypothesis In 1923 Christiansen and Kramers* studied 
the kinetics of a unimolecular reaction and found that explosion is possible 
if the total change of energy resulting from the reaction la greater than the 
energy of activation. Since that time the mechauism of chain reactions has 
been carefully investigated and some of the conditions for the continued 
propagation of the reaction have been ascertained. 

Thus, if we have two gases mixed together without any chemical change 
takmg place, a reaction may commence when even a very small quantity of a 
third molecule is added, or if one of the ongmal molecules receives energy of 
activation {from whatever cause). Designating the original molecules for 
simplicity by A and B and the new molecule by C, which we will suppose reacts 

♦ ‘ Z. phya. Chem.,* vol. 104, p. 461 (1923). 
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with A, giving a fourth molecule D (and possibly other molecules also), we 
have 

A + C^D, 

If then D reacts with B, producing more G (as well as other products) ; 

B + D ->C + etc., 

C and D are continually produced and form links in a chain, enabling the 
reaction to proceed. If the amount of C and of D formed m unit time is 
greater than the amount destroyed, the chain will have many branches, i e , 
the reaction auto-accclcrates and explosion occurs. The active centres C and 
D naay be destroyed in two ways ; (a) by collision m the gas phase, (6) by 
collision with the surface of the vessel. These considerations show that the 
amount of C and D formed and destroyed in unit time varies with the con- 
centration of the gases A and B. There may be a definite range of concen- 
tration in which the rate of formation of the active centres exceeds the rate 
at which they are de8troy(‘d, »c., m which “explosion” can occur. Many 
reactions are satisfactorily explained by this hypothesis Phosphorus vapour 
and oxygen, sulphur vapour and oxygen, hydrogen and oxygen, carbon 
disulphide and oxygen, are found to unite explosively only between certain 
limits of pressure, and Semenoff* showed that this is explicable by means of the 
theory of chains. He investigated the effect of the presence of foreign gas 
and the effect of varying the diameter of the reaction vessel on the lower 
oxidation limit and obtained the following relation : 


Pe'Po. 



Pp, + PJ 


is the pressure of phosphorus vapour, p^ the pressure of foreign gas, p^ 
is the critical oxidation pressure, d the diameter of the reaction vessel, and K 
a constant over a considerable temperature range. Dalton and Hmshelwoodf 
found that this equation also held when phosphine was substituted for phos- 
phorus vapour 

The equation can be derived theoretically by the assumption that below 
the cntioAl pressure the chains are being broken so efficiently by the walls 
that the concentration of active centres remains stationary. The foreign gas 
molecules impede the chains reaching the wall and so lower the critical oxida- 

* * Z. Fhynk,* vol. 46. p. 109 (1927) ; vol. 48. p. 571 (1928); also Hinahelwood and 
Thompson, * Proc. Boy. Soo.,' A, vol. 118, p. 170 (1928). 

t * Proc. Roy. Soc..* A, vol. 125. p. 294 (1929). 
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tion pressuxe. The equation should hold for all simtlar chain reactions, but it 
must be noted that it is only approximately true. Melville and Ludlam* 
investigated the efiect of a large number of gases and organic vapours on the 
oxidation of phosphorus, and although they found that straight lines were 
obtained when was plotted against 1 + Px/Pr* + Poi (^1*4 bemg kept 

constant), those lines had not the same slope tP/K as is expected from the above 
equation. Melville and Ludlam showed that the differences were, in the mam, 
due to the different rates of diffusion of the chain propagators into the foreign 
gases. Melvillef has recently given a theoretical equation for this foreign gas 
effect. He finds that px should be multiplied by a factor mversely proportional 
to the diffusion coefficient of the chain propagators into the gases present. 

The factor is 



where M^^ and Mx are the molecular weights of the diffusing molecules A and 
of the foreign gas X respectively a^x l^be sum of the radii of A and X. 
M^ and will be mean values, as they represent the effect of two chain propa- 
gators. Thompsonf has recently found that the foreign gases change the 
lower critical explosion pressure of hydrogen-oxygon mixtures in the same 
order as was found by Melville and Ludlam. In this case active centres were 
introduced by an electnc spark. 

The critical pressure limits of the carbon disulphide oxygen explosion have 
been investigated by Thorapson.§ His researches show that the active centres 
of the cham are pnncipally formed at a hot wall. 

In the present mvestigation the carbon disulphide and oxygen were kept at 
room temperatures and the hot wall furnished by a glass-covered or ordmary 
tungsten filament. It was found that this method gave the pressure of foreign 
gas at the lower critical oxidation pressure to withm 1 mm. of mercury. The 
object of the present work was to investigate the effect of several gases and 
organic vapours on the lower critical oxidation pressure for CS3 : 30 ^ mixtures 
with a view to testing the applicability of Semenoff’s equation with Melville 
and Ludlam’s correction. 

* * Froc. Roy. Soo./ A, vol. 132, p. 108 (1931). 

t * Trans. Faraday Soc./ vnl 28, p. 308 (1932). 

X ‘ Trana. Faraday Soc.,’ vnl, 28, p. 299 (1932). 

i * Z. phys. Ghem./ B, vol. 10, p. 273 (1930) ; Thompson and Kearton, * Z. phyn. Chem.,' 
B, voL 14, p. 369 (1931). 
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ApparatiM and Procedure, 

The apparatus is shown diagrammatically m fig. 1. R is the reaction tube, 
which is 25 cm. in length and 2 * 5 cm in diameter. The filament F is mounted 
on a degassed nickel support, which is attached to borated copper wire, which in 
turn passes to the outside of the vessel through a pinch seal. The whole 
arrangement is mounted on the ground glass joint of the reaction tube. The 



Fio. 1. — Diagram of the reaction tube R showing connections to oxygen reservoir 0, to 
the foreign gas reservoir A, an<l to the CSj reservoir Cj. 

glass filament is prepared as follows. Pyrox tubing is drawn down to a fine 
capillary which is threaded with 0*1 mm. tungsten wire and the glass melted 
on to the wire electrically %n vacuo. Glass ends are now fitted on and filled 
with lead into which pass coppcT wires. This type of filament was first used 
by Melville m connection with the stable chain oxidation of phosphorus. 
Actually most of our experiments were conducted usmg a plain tungsten fila- 
ment. This was only heated to a dull redness and so practically no oxidation 
took place. The results show that there is little difference in the behaviour of 
the two filaments M is a sulphuric acid manometer with scale attached. 
Cj contains the carbon disulphide, A and 0 arc reservoirs for foreign gas and 
oxygen respectively. When organic liquids are used they are placed in B^, 
which is then connected to the rest of the apparatus at J. 

The procedure is as follows. is immersed in liquid air and the apparatus is 
evacuated, using an electrically driven oil-pump. Tap Tj is closed and some car- 
bon disulphide distilled into C j. The taps T^ and T^ are now closed and A and 0 
filled with the foreign gas and oxygen to a pressure of about 20 mm. of mercury 
through tap T 4 . Carbon disulphide vapour is now introduced into the reaction 
vessel to the desired pressure as read from the manometer. Oxygen is then 
admitted to about three times that pressure. The filament is switched on for 
1 or 2 seconds. If the pressure is below the critical value no flash is seen and 
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the manometer reading remains the same. The foreign gas is now admitted 
m small quantities by means of the tap-pipette T2 and the filament heated 
after each addition. At a certain pressure of foreign gas an explosion takes 
place and the pressure falls. The explosion is accompanied by a blue 
luminescence. 

Organic liquids were distilled tn vacuo from to Bg and their vapours 
adnutted by the tap-pipotte uito the reaiJtion vessel. In the case of hydrogen 
the oxygen had to be introduced afterwards for reasons which will appear later. 
The oxygen, nitrogen, argon, hydrogen and carbon dioxide were all obtained 
from cylinders and were dried by passing them over phosphorus pentoxide. 
Sulphur dioxide was obtamc'd from a syphon of the liquid. The carbon 
disulphide was previously distilled and the middle fraction used. The carbon 
tetrachloride was sulphur free The tabic below shows some of the experi- 
mental results. All pressures are in millimetres of mercury. 


Table I. 


loert gas X. 


Pot 

p inert gas 


1 + P; . - 






Pcs, 4 Pc 

Carbon 

3 7 

itt 9 

0 

0 0162 

1 00 

dioxide 

3 1) 

12 5 

4 9 

0 0205 

1 30 


3 S 

11 4 

6 9 

0 0231 

1 46 


3 4 

10 2 

11 0 

0 0288 

1 81 


2 7 

8 1 

23 8 

0 0457 

3 20 

•Sulphur 

,3 7 

16 8 

0 

0 0163 

1 00 

dioxide 

4 1 

12 0 

3 7 

0 0192 

1 22 


3 

11 2 

9 6 

0 0263 

1*65 


3 2 

10 3 

12 0 

0 030 

193 


3 0 

9 3 

16 8 

0 0369 

2 36 

Nitrogen 

1 4 0 

15 7 

0 

0 0169 

1 00 


4 0 

12 4 

10 1 

0 0204 

1 62 


3 7 

15 1 

4 3 

0 0181 

1 23 


3 5 

10 S 

21-9 

0*0263 

2 53 


3 0 

9 3 

35*2 

0 0369 

3 86 

Argon 

3*6 

16 6 

0 

0 0109 

1 00 


4-2 1 

12 6 

4 2 

0 0189 

1 25 


3 8 

11 8 

9 9 

1 0 0224 

1 63 


3 2 

9 7 

; 19 1 

1 0 0317 

2 47 

Argon, using a 

3 4 

’ 10 .1 

8 2 

0 0287 1 

1 •> 

glass - covered 

2 7 

1 8 1 

12 8 

0 0406 

2 18 

filament 

2 3 

7 3 

16 1 

0 0596 

2 68 

Hydrogen 

3-9 

16 4 

0 

0 0166 

1 00 


3 8 

20 3 

13 8 

0 0130 

1 57 


3 7 

27 4 

27 U 

0 0100 

1 87 


3 5 

31*4 

38 2 

0 0090 

2 09 


4 0 

181 

11*3 

0 0138 

1 51 


3 9 

24 1 

5 0 

0 0106 

118 


3-7 

26 6 

12-3 

0 0104 

1 41 


2 H 2 
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Dmustion. 

As shown m fig. 2, when l/pcs,Po, plotted against (1 -| — j satis- 

\ ;»C8. + Po,' 

factory linos are obtained except m the case of hydrogen. The slopes of the 
lines given by argon, nitrogen, carbon dioxide and sulphur dioxide follow the 



^ P< P'i 

Pcsi + Po, 

boing the critical oxidation pressure, the pressure of CS, and the pressure of foreign 
gas respectively. 


Fio. 2 — ^The graph obtained by plotting llpcs^Pot a^goinst 


same order as was found by Molvillc and Ludlam {loc, cU.) for the P 4 : 03 
explosion. Assuming 

Pt ».Po. ( 1 + •^55lL£x j constant 


(— yfhen no foreign gas is present), the above experimental results 
give the following values for 


Foreign gas. 

Nitrogen. 

Argon 

Carbon dioxide. 

Sulphur dioxidt 


0-42 

0 b4 

0 83 

0 92 


These values are not sufficiently accurate to enable a calculation of the 
molecular weight of the chain propagator to be made, using the expression 

Ic 
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Hydrogen gives an abnormal result. The presence of hydrogen, instead 
of reducing the value pcs. actually increases it. This result is accounted for 

in the following way. In all the other expenments, the change of pressure 
after exploding was always about 80 to 90 per cent, of the original pressure of 
carbon disulphide. This means that the mam reaction gives sulphur dioxide 
and carbon dioxide. When hydrogen was present the change of pressure after 
explosion was approximately one and a half times the pressure of the hydrogen. 
The main reaction is therefore the formation of water from hydrogen and 
oxygen. It therefore appears probable that we were dealing with the 
explosion and that CSj wa.s behaving as an inert gas by preventing the Hj : Og 
chain propagators reaching the wall. 


Table II. 


PWn 

Pot 

pi Hi 

[ 1 

1 f 

+ Pot 

13 8 1 

1 20 3 

3 8 

0 357 ' 

1 11 

27 0 ! 

! 27 4 

3 7 

0 137 

1 07 

38 2 

31 4 

3 5 

1 0 083 

1 05 

11 3 

18 1 

4 0 

1 0 48U 

1 1 14 

n 

24 1 

.1 0 

1 0 8;)o ; 

1 1 13 

12 3 

25 r> 

3 7 

, 0 .307 ' 

1 09 


When pl^>tted against 1 ~\ — as shown in fig. 3 a straight 

yn, + Po, 

line IS obtained, if the value obtained for a very small pressure of hydrogen is 
excluded. A peculiar fact about this line is that it appears to show that the 



Fig. 3.— The graph obtained by plotting l/pn,Pui against I f ■ ■ Pot> Pc9% “wf jPh,. 

Pll, “T POt 

being the entioal oxidation pressure, the pressure of CSj and the pressure of hydrogen 
respectively. 
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; O2 explosion is impossible under the experimental conditions unless carbon 
disulphide is present. It is therefore very probable that CS^ acts as an explosion 
sensitisor for the ; Og reaction. The propagator of the CS^ : 0 ^ explosion 
chain may give on colhdmg with Hg an active centre, which can start the 
propagation of the Hg : Og chain. Carbon disulphide therefore can be looked 
upon as a catalyst of the reaction under the special conditions of these experi- 
ments. 

The efiect of carbon tetrachloride and of benzene on the lower critical pressure 
was complicated as neither of those vapours acted as “ inert ” gases. When a 
certain pressure of benzene or of carbon tetrachloride was reached, on heating 
the filament a cloud of white particles was formed and a deposit was left on the 
walls. This pressure was just about where explosion would be expected if 
these vapours behaved as mert gases. It is probable that the active centres 
are decomposed on colliding with the organic molecules to give sulphur or 
complicated compounds. 

Thompson* found that it was difiicult to get reproducible results for the 
explosion limit owmg to variations of the surface of the reaction vessel. There 
was no difficulty of this kind m the above experiments, as after one or two 
explosions, which yielded high values, steady results were obtained. The 
explosion gave no apparent deposit on the walls, but it is very probable that the 
surface is covered with a thm layer of sulphur or a compound of sulphur, so 
that further explosions do not change the nature of the surface. The fact 
that the explosion limit changes with the surface is evidence that chains can 
be reflected from a surface as well as broken by that surface. 

Below the lower critical limit a blue luminescence could be seen round the 
hot filament, but no change of pressure was observed. This lummoscence is 
taken as evidence of a stcMe chain reaction below the critical limit similar 
to the P4 : Og stable chain found by Melville and Ludlam.f The luminescence 
observed by Thompson during the induction period is probably due to this 
type of stable chain. Further examination of the luminescence below the 
lower limit will shortly be earned out. 

Summary. 

The lower cntical oxidation pressure of carbon disulphide vapour in presence 
of “ inert ** gases has been found to obey the expression 

) = constant, 

^ Pc»,+Po,' 

• ‘ Z. phyg. Chem.; B, vol. 10, p. 273 (1930). 
t ‘ Pr«M. Boy. Soo.,' A, vol. 136, p. 316 (1032). 
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where and are the lower critical explosion prebsures iii the presence of 
pressure px of inert gas. Dx ia the diffusion coefficient of the chain propagator 
into the foreign gas. 

The effects of hydrogen, carbon tetrachloride and benzene, which do not 
behave as “ inert gases, are discussed. 

In conclusion, we wish to thank Dr. Ludlam and Mr. Melville for their interest 
and advice while the work was in progress, and the Moray Fund for a grant to 
one of us (A.R.) towards the cost of apparatus. 


The Recovery of Proportional Elasticity in Overstrained Steel, 

By S. L. Smith, D Sc., A.C.G.I., and J. V. How ard, D So. 
(Communicated by W. E. Dalby, F R.S.— Received April 8, 1932 ) 

Wlion a metal is pulled beyond its yield point, the total extension is partly 
a plastic permanent set and partly elastic in the bcnse that some of the strain 
disappears on the removal of the stress. But this elasticity differs from the 
primitive elasticity of the material in that the stress plotted against the strain 
during the unloading period gives a curved line instead of a straight one. On 
immediately reloading the material, the stress-strain line is agam curved, but 
in the opposite direction ; so that, during the unloading and reloading, the 
stress-strain curve forms a loop of what may be termed mechanical hysteresis 

Bauschinger was the first to observe that the limit of proportional elasticity 
could be lowered by overstraining the metal ; and that, by resting the test- 
piece for a period of 50 hours, the elastic limit was restored to a value sometimes 
above its initial or primitive value*. 

The questions which at once present themselves are : — 

(1) Can the property of proportional elasticity always bo restored to the 

overstrained metal by resting it at ordinary temperatures ? 

(2) Is the penod of 50 hours used by Bauschinger sufficient to allow the new 
limit of proportional elasticity to reach its highest possible value, or 
will a longer rest period permit a greater degree of elastic recovery and 
a still higher value for the new elastic limit I 
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(3) In what way do variations in the composition of the metal affect its 
power of recovery ? 

(4) Would the recovery of proportional elasticity be prevented if the metal 
carried a constant stress during the pause between testing instead of 
resting under no load as in the Bauschinger experiments 1 

It seems possible that the answer to these questions might throw some light 
on the behaviour of metal subjected to stress-repetition. 

Some 9 years ago the authors made an investigation of the factors which 
determined the formation of the hysteresis loops.* A number of the test 
pieces used in this work were severely overstrained but not broken. These 
have been stored away since that time and have now bt'en re*tested. For this 
investigation the load-extension instrument devised by Professor Dalbyf 
was used, in which the load-extension Ime for a tension test is traced out by a 
spot of light moving over a photographic plate. 


1 Scope of the Investiyatian. 

The present research hius been confined to the study of steels of different 
types. 

The steels tested compiise 

(i) A senes of straight carbon steels ranging from mild steel of 0*10 per 
cent, carbon content to steel of eutectoid composition, 0-85 per cent 
carbon, and including one case of bright-drawn colcl-rolled mild steel, 

(li) A series of steels similar to the above as regards carbon content but 
containing about three times as much phosphorus, namely 0*1 per cent, 
instead of 0*03 per cent. 

(ui) Low-carbon mckel steels of the case-hardening tjrpe. 

(iv) A 3 per cent, nickel steel of forging grade. 

(v) Nickel-chrome steels including an air-hardening steel. 

All these steels were given various heat treatments before the original over- 
straining, the particulars of which are stated in the Table of Results. 

* ‘ Proc. Roy. Soc.,’ A, vol. 107. p. 113 (1925). 
t ‘ Phil. Trans.,* A, vol. 221, p. 117 (1921). 
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2 . The Original Overstraining. 

This was carried out in a special manner. Each teat-pieco was first pulled 
to a point beyond its yield-point, the line of primitive elasticity being recorded. 
The load was then removed and immediately re-applied, thus causing the load- 
extension line to describe a loop The looping operation was repeated at 
intervals of permanent set of about 0*03 inch, but only every fourth loop was 
recorded. This process was continued until the maximum load for the test- 
piece was reached. 

Fig. 1 shows two typical records and also, to the left hand, the load-extension 
diagrams obtained from a breaking test on a piece of the same material. 

The upper diagrams refer to a nickel steel of forging grade. The load- 
extension diagram for the break test has all the characteristics associated with 
a normal steel, namely, a load peak at the yield point, followed by a yield 
period link during which the load is nearly constant, followed again by the 
curve of plastic deformation. The primitive^ limit of propoitional elasticity, 
scaled off the record of the looping test, occurs at 24*5 tons per square inch. 

The lower diagrams were obtained from a nickel-ehronie steel. The load- 
extension diagram differs fundamentally from the previous one in that it has 
no yield point m the usually accepted sense. It also possesses a very low 
primitive elastic limit. A high elastic limit and a definite yu‘ld-point can be 
conferred on the steel by suitable heat-treatment. (So(‘ tests Nos 44 and 45 
m the Table of Results.) 

Instead of the above method of overstraining, some of the test-pieces were 
subjected to continuous looping at coastant load. 

3. The Re-test for Elastic Recovery 

Each test-piece was pulled to a prcdet(*rmin(‘d load and immediately un- 
loaded, the load-extension line.s for loading and unloading being recorded. 
This process was carried out with a number of loads ranging up to the final 
load reached in the original overstraining. 

The object of this procedure was to enable any curvature of th'^ load- 
extension line to be readily detected. 

If the metal had recovered its proportional elasticity, the loads for ascending 
and descending loads would be coincident. 

If the metal had not recovered, the load-extension lines would bo curved 
and the record would show a loop. 

Figs. 2, 3 and 4 show some of the records obtained in the re-tests. 



Diagram >^c)w>.-4'4j UooPiNo Dt/\aRP^M *rfc«T spscmeNft '2 ^ lckgth 
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F* icuae. 
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4. Types of Re^test Record 
The records can bo classified into three groups. 

(i) Complete Elastic Recovery — Fig 2, test-piece No. B.8 is an example of 
this type of record. The primitive elastic limit occurred at 5 * 1 tons, and the 
maximum load originally reached was 8-5 tons 



The load-extension linos for loading and unloading in the re-test are coin- 
cident up to the maximum load applied in the origmal overstraining, showing 
that the metal had compl<*tely recovered its property of proportional elasticity 
and that the limit of proportionality had b<*en raised right up to the last stress 
previously applied. 

The test-piece Avas finally pulled until it definitely yielded. The record of 
this pull IS marked 4 ” and shows the yield-pomt occurring at 10*0 tons. 

(ii) Partuil Elastic Recovery, — Fig. 2, test-piece B.6 is an example. (See 
test No. 39 in the Table of Results.) The primitive elastic bmit occurred at 
a load of 2*8 ions and the steel had no definite yield point, the load-extension 
diagram from the origmal test being of the same type as that of test-piece 
B.16 shown in fig. 1. The maximum load applied in the original test was 
10*8 tons. 

The loading and unloading linos traced at the lower loads on re-tesiing are 
coincident, but loops develop at the higher loads before the previous maximum 
load is reached. 

The first two pulls of the re-tost afford evidence of elastic recovery Pull 
No. 3 gives a small but definite loop showing that the limit of proportional 
elasticity has been passed, but that the metal is non-proportionally elastic 
since the loop closes at the bottom and no permanent set is recorded. 
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The final pull, No. 6, gives a yield-point on rc-testmg at 11*3 tons. 

Fig. 3, obtained with a nickel -chrome steel (test No 46 in the Table of Results) 
is a re-test record of the same typo. 



(in) No Elastic Recovery. — ^Fig. 4 shows two records of this type. 

In both cases loops arc traced even at the lowest loads apphed in the re-test, 
showing that there has been no recovery of proportional elasticity although 
the metal possesses complete non-proportional elasticity. 



Pig 4. — ^Typical re-test records : non-rooovery type. 


Test-piece B.IO had a primitive elastic limit at 8*0 tons and the maximum 
load applied in the original test was 10-2 tons, which pull No. 6 shows to be 
the new yield-point. 

Test-piece A.58 had been looped at a constant load of 6 • 1 tons. Pull No. 3 
of the re-test, to a load of 6*1 tons, gives a loop which is absolutely identical 
with the last loop recorded in the original looping test 9 years previously. 
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6. The Effect of Resting under Load. 

Two steels were used to investigate the effect of imposing a constant stress 
on the metal during the interval between the original overstraining and the 
re-test. 

The first was a steel containing 0-63 per cent, carbon (test-piece No. A. 58, 
test No. 27 in the Table of Results). 

After looping at a constant load of 6-1 tons, the test-piece was set up in a 
single-lover testing machine of the ordinary type under the same load and 
allowed to remain for 18 days. No extension or creep occurred during this 
period and the beam of the machine remained floating without attention. 

On rc-testing at the end of the 18 days, the test-piece afforded loops which 
were identical, load for load, with those recorded m the original test. The 
steel had undergone no elastic recovery during the period of rest under load. 

The same test-piece was then rested tinder no load for 9 years. On re-testing 
identical loops were again obtained The material therefore had no inherent 
power of clastic recovery and the fact that it did not recover under load is 
immatenal. This is corroborated by test No. 20 in the Table earned out on 
the same steel. 

The second steel was a mild steel of 0 2 per cent, carbon content. Two 
test-pieces of this steel (R.2 and R 3, tests Nos. 49 and 50 m the Table) were 
overstrained in the usual manner and then rested for 22 days under stresses 
of 25*0 and 6 -6 tons per square inch respectively. 

On re-testing, both tcst-picc(‘s were found to have completely recovered 
their property of proportional elasticity right up to the maximum load 
previously applied. 

In this case recovery had taken place in spite of the load carried durmg the 
rest period and the inference is that recoverability is an inherent physical 
property and is unaffected by the condition of stress. 


6. Minimum Time for Recovery. 

The mild steel referred to in the previous paragraph is evidently one that 
readily recovers its proportional elasticity. A test-piece of this material was 
therefore overstrained and re-tested at intervals of a few hours in order to 
determine how soon the recovery took place. 

Figs. 6, 6 and 7 form a complete record of the test history of this specimen. 
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Fig. 5 is the record obtained during the original overstraining, the mazuuum 
load reached being 7 -6 tons. 


e 



Fio. 6. — Onginal test : inild steel. 


Iramediatoly after this overstraining the teat-piece was again loaded and at 
once unloaded. The record of this pull is shown at the left of fig. 6. Not only 
are the loading and unloading lines curved, but they do not meet at the bottom 
at no load, showing that the metal is m a partly plastic condition. 



The tcst-piecx? was then rested under no load for 6 hours and again pulled. 
The record was a closed loop as shown m the figure. The steel was no longer 
plastic, but its elasticity was still non-proportional. 

Subsequent pulls after increasing periods of rest afforded loops of gradually 
decreasing width until, after a rest of 30 hours, the lines of ascending and 
descending load were coincident At some time between 24 and 30 hours the 
metal had recovered its proportional elasticity. The record obtained after 
41 hours serves as a confirmation. 
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The specimen was then re-tested in the normal manner. Fig. 7 is the record 
of this re-test, which is of the complete elastic recovery type, p. 623. 
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7. Conclmions, 

(1) Mild steel, of carbon content up to about 0 * 2 per cent., possesses the power 
of complete elastic recovery up to the maximum stress previously applied 
irrespective of the variations in structure brought about by different heat 
treatments and irrespective of its previous mechanical history. 

Thus all the tests numbered 1 to 10 m the Table gave records similar to 
B 8, fig. 2, with the exception of No. 7, test-piece H.28, which will 
be referred to again later. This low-carbon series includes steels m 
the pearlitic condition, quenched and re-hcatod sorbitic steels ; and 
one, No 8, test-piece A 40, which had undergone severe mechanical 
cold-working during manufacture. 

(2) Steels of a higher carbon content, 0-3 per cent, to 0-7 per cent., possess 
this power of recovery to a more limited extent. Some of the steels in this 
category were found to have a considerable power of recovery and the clastic 
limit on re-testing was sometimes hi gher than the primitive elastic limit. Others 
showed no recovery at all. The two factors which appear to suppress, partially 
or even entirely, the power of elastic recovery are : — 

(a) The presence of an abnormal amount of phosphorus. 

For example, test No. 11 refers to a steel containing 0*30 per cent, carbon 
and O' 04 per cent, phosphorus. This steel recovered completely. 
Test No. 13 was made on a steel of similar carbon content and heat- 
treatment, but which contained 0*10 per cent, phosphorus. This 
steel did not recover. Comparison of tests Nos. 19 with 17 and 21 
with 26 gives similar results. 
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The inference in that phosphorus in excess of the amount usually permitted 
in steel specifications not only produces the condition of ** cold-shortness 
but may have even more serious effects when the material has to withstand 
a senes of reputed loads. 

(6) The change produced by (pionchmg followed by re-heating to about 
600° C. 

An example of this is steel No. 3 A containing 0*60 per cent, carbon. 
Test No. 19 in the Table was made after annealing at 900° C. The 
re-test showed a considerable degree of elastic recovery. Test No. 
20 relates to the same steel after a double heat-treatment. In this 
condition there was absolutely no elastic recovery. 

Tests Nos. 35 and 36 on a steel containing 2-2 pr (umt. nickel and tests 
Nos. 39 and 40 on a similar steel containing 4*6 per cent, nickel give 
similar results. 

Te.sts Nos. 43 to 48 refer to nickel-chrome steels. These show the same 
change in the power of elastic recovery with the different heat-treat- 
ments. 

In general, the results of the present tests show that annealing at 900° C. 
develops the maximum pwer of elastic recovery in a steel, whereas (juenching 
and re-heating reduces, and may pssibly entirely destroy, its self-healing 
proprty. 

A reasonable explanation is thus afforded for the apparently anomalous 
result of test No. 7, referred to m the previous paragraph. This is a low-carbon 
steel which might be expected to have a high degree of recoverability. But 
not only is the phosphorus content high, but the steel has been quenched and 
re-heated ; and these two factors, operating in conjunction, appear to have 
sufficed to prevent any return to a condition of proprtional elasticity. 

(3) Carbon steels of eutectoid composition, 0*85 pr cent, carbon, have no 
pwer of recovery, whatever heat-treatment they have received. 

Test No. 30 refers to such a steel in the normal parhtic condition. Tests 
Nos. 31 and 32 were made on the same steel after it had been given 
prolonged annealing treatments to produce prtial and complete 
divorce, with the parlite in the spheioidised condition. Tests Nos. 
33 and 34 relate to sorbitic eutectoid steel. In none of these cases 
was there any trace of elastic recovery observable. 





SmUh and Howar d. Table of Results. Proc. Roy. Soc., A, vol. 137. 
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(4) The recovery of proportional elasticity in overstrained steel at ordinary 
temperatures is not solely dependent on the length of the rest period. The 
power of elastic recovery is an inherent physical property of some steels. 
Others have no such power. Recovery, if it takes place at all, may be com- 
plete in the course of a few hours. In the case of steels which have not the 
power of recovery, a very prolonged rest has no effect in bringing about the 
change from non-proportional to proportional elasticity. 

The mild steel referred to in § 6 above underwent complete recovery in 
30 hours. In other cases re-testmg after 14 days (test No. 25), 
18 days (tests Nos. 23 and 24), and 32 days (tests Nos. 49 and 50), 
showed complete recovery which probably occurred sooner. 

Some test-pieces were re-tested twice, once after a rest of from 2 to 6 
months, and again after a further rest of 9 years (tests Nos, 27, 30, 
31, 32, 33, 30 and 40). In all these latter cases the re-tests furnished 
loops identical, load for load, with those recorded in the original 
tests 

(5) The power of recovery is unaffected by the condition of stress in the 
metal. A steel which is capable of recovering its elastic property will do so 
even if it is stressed during the rest period very nearly to its breaking stress. 

8. Table of Results. 

For the purpose of reference, data relating to the test-pieces, numerical 
values obtained in the tests, and remarks based on an examination of the 
re-test records are set out in the Table of Results. 

As regards composition, m addition to the carbon, phosphorus, nickel, and 
chromium, the steels were also analysed for sulphur, manganese and siheon, 
the amounts of which did not vary sufficiently from steel to steel to cause 
variations in the mechamcal properties. 

Heat treatment. — The first temperature recorded in the column headed 
“ heat treatment ” is the temperature attamed at the end of the heating period, 
which was mamtained constant for the period stated. 

The letter “ Q ” denotes immediate quenchmg m water. 

The letter “ F denotes cooling in and with the furnace. 

In the case of bars which were given a tempering or re-heatmg treatment, 
this is indicated in the Table m the same way. 

Stresses. — ^The values given in the Table of the yield-point wore reckoned from 
the constant-load yield period and not on the peak load at the commencement 
of }delding as indicated in fig. 1, test-piece No. B.13. 

2 N 
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The maximum stress attained m the original test and also the stresses applied 
on re-testing were computed on the reduced cross-sectional area as measured 
after testing. 

Summary, 

When a metal test-piece is pulled beyond its primitive yield-point, its 
extension is partly plastic and partly non-proportionally elastic. Unloading 
and immediately ro-loading causes the load-extension line to trace a loop of 
mechanical hysteresis. Bauschingcr first observed that a rest of 50 hours 
tmder no load at ordinary temperatures caused a recovery of proportional 
elasticity with a new elastic limit m some cases higher than the primitive limit. 

This paper records an investigation made to determine whether all steels 
possess this power of recovery to the same extent ; whether Bauschinger’s 
50-liour rest is sufficient to develop the maximum recovery or if a longer period 
will result m a further raising of the elastic limit ; and whether recovery is 
impeded by the imposition of stress during the rest period. 

About 60 different steels, severely overstrained and rested for 9 years, were 
re-tested for elastic recovery, others were rested under stress before re-testing, 
and an investigation was made of the minimum time required for elastic 
recovery of mild steel. 

Test-records were made with the Dalby Autographic Load-extension Recorder 
and the disappe^arance or persistence of the hysteresis loops used as an indica- 
tion of the extent of recovery. The records are of three types: complete 
elastic recovery up to the load pniviously applied ; partial recovery ; and total 
non-recovery. 

The steels examined are classified on this basis and it is shown that com- 
position and the heat-treatment received influence the power of recovery. 
Some steels are inherently incapable of recovery and remain non-proportionally 
elastic; even after 9 years. Mild steel recovers readily and records are given 
showing recovery progressing to completion m 30 hours. Recovery is 
unaffected if the metal is stressed during the rest period. 

The seven figures are reproduced from photographic records made with the 
Dalby instrument. 

This reseanh w'ould not have been possible without Professor Dalby*s 
Autographic Load-extension Recorder, which enabled the large amount of 
testing to be carried out and recorded without undue expenditure of time. 
All the testing was done at the City and Guilds (Engineering) College with the 
equipment installed in the Engineering Laboratories. The authors are 
indebted to Professor Lander for his encouragement to engage in the work and 
for his permission to use the laboratory and apparatus. 
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On the Mass Rate of Reactions in Solids. 

By R S. Bbai>lby, J. Colvin, and J Humr, thti University, Leeds. 

(Communicated by 11. Whytlaw-Cray, F.R.S.— Received April 19, 1932 ) 

In a previous paper, Hume and Colvm^ showed that the mass rate of 
decomposition occurring m crystalline particles was a function of three 
quantities, namely, the rate of nucleation, the rate of linear propagation and 
the size and shape of the particle. For a study of the energetics of the reaction, 
the second of these quantities is of primary importance, so that special attention 
was directed to the derivation of this quantity, under such conditions that a 
knowledge of the nucleation rate was unnecessary. In the case of the de- 
hydration of certam salt hydrates in vaGuo,f the rate of nucleation is so large 
that the entire surface of all the crystals is rapidly covered and the subsequent 
mass rate can be predicted from simple geometrical considerations On the 
other hand, if the rate of nucleation is not so large that this simplification can 
be made, then the whole course of the reaction will bo determined by the 
progressive formation of nuclei as the reaction proceijds. 

In many cases it is possible by visual observation to obtain qualitative 
information as to the maimer of nucleation. For example, it might be found 
that decomposition proceeded from points on the surface or at the comers or 
edges of the crystals. The question can be treated generally if it is assumed 
that in a mass of crystalline particles the total number of points capable of 
becoming nucleation centres is «q and that each of tlicse points has the same 
probability of becoming active* At time t, let there be n, points still unaffected. 
Then the number of nuclei formed during the time interval dt is given by 
— dfif ~ kui . (ft, where A; is a constant Heiu,e w, — and the number of 

points where nucleation has occurred is (1 — 6“*'') If the reaction spreads 
with a constant velocity u from the nuclei which arc formed, the rate of the 
mass reaction will be given by 

dm/dt = Wq -fihf U w) 

The form of the function will depend on the shape of tlic crystalline particles 
and on the form of the advancing interface. In the sequel, an attempt is 
made to evaluate the effect of nucleation in the reactions 

CaCOs.GHaO — > CaCOa + fiHaO 
KHC 204 .JHa 0 — > KHCaO^ + iHaO. 

* ‘ Phil. Mag ,* vol. 8, p. 689 (1929). 

t Hume and Colvin, ‘ Proc. Roy. Soe.,’ A, vol. 132, p. 648 (1031). 
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The Deoomfosition of Calcium Carbonate Hexahydrate. 

In a previous investigation of the decomposition of calcium carbonate 
hexahydrate, Topley and Hume* were able to derive the linear rate from 
restricted regions of the percentage decomposition time curves. At the same 
time, the more or leas protracted induction period during which the velocity 
of decomposition increased, clearly indicated a relatively small rate of nucleus 
formation. For tliis reason, a reinvestigation of this reaction was desirable. 

Details of the mode of preparation of calcium carbonate hexahydrate and 
of the method of measuring the velocity of decomposition are to be found in 
previous papers Preliminary microscopic observations of the decom- 
position of various specimens under water were made in the hope that some 
information might be gained regarding the manner of nucleation. For this 
purpose the thin plates which predominate during the early stages of crystal- 
lisation are most convenient, not only because of their extreme transparency, 
but also because of the avoidance of excessive stabilisation by sugar decom- 
position products, which results if the crystals are exposed for too long a time 
to the mother liquor, Topley and Hume {loc. dt,). It was observed that, after 
the lapse of time, a slight cloudiness spread over the surface of the crystals, 
spreadmg being completed in less than a minute. No further change was 
then appreciable for some time in the crystal itself, but m the water around it 
appeared small dots which later grew and showed themselves to be crystals 
of calcite. Finally the cloudy crystal, which had become more and more 
attenuated in thickness, disappeared completely 

The fact that the crystal did not appear to dimmish in length or breadth 
indicates either that nucleation docs not spread to the narrow faces parallel 
to the microscope axis or, more probably, that the interface proceedmg from 
the upper and lower faces has completely traversed the thin crystal before 
spreading from the vertical faces has occurred to a noticeable extent. The 
observation that the cloudiness did not increase during the reaction admits of 
several explanations. 

(1) The reaction proceeds by solution of the hexahydrate and crystallisation 
of calcite. This hypothesis is untenable m view of the microscopic observation 
that the incidence of cloudmess, so far as one can judge, obeys a probability 
law, instead of occurring simultaneously in all the crystals. 

* ‘ Proo. Roy. Soo./ A, vol. 120, p. 211 (1928). 
t Hume and Topley, * Proo. Leeds Phil. Soo.,’ vol. 1, p. 169 (1927). 
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(2) The reaction proceeds by liberation of the six molecules of water from 
the hexahydrate lattice at the interface. A reasonable explanation of this 
mechanism is that in the lattice a calcium ion, a water molecule and a carbonate 
ion attaui, by vibration, positions which enable the calcium and carbonate 
ions to combine to form a molecule of calcium carbonate, whereupon the six 
molecules of water surrounding the calcium ion are hberated. This results 
in the formation of adsorbed calcium carbonate molecules as the first formed 
layer of decomposition product, which presumably promotes the decomposition 
of the next layer of hexahydrate. As the calcium carbonate molecules become 
more remote from the interface by tlie progress of the reaction the forces 
of adsorption are weakened and allow aggregation to finely divided crystalline 
calcite, which subsequently eith<T dissolves or becomes detached from the 
parent crystal Thus no pseudomorph of the original crystal remains. 

As a consequence of the views outlined above, an expression for the mass rate 
of reaction can bo derived as follows Let there be Mq crystals of uniform size 
and shape, thin plates of thickness 6, with upper and lower parallel faces of 
area A. It is assumed that nucloation occurs simultaneously on the upper 
and lower faces of a crystal and that the time interval from the mcidenije of 
nuclcation until the whole face is involved is negligible Even if nuclcation 
spreads to or occurs on the vertical faces, the effect can be minimised by using 
crystals of such dimensions that the area of the parallel major faces is great 
compared with the total area of the other faces, The reaction then proceeds 
by the movement of the interface with linear velocity w in a direction per- 
pendicular to the major faces. The number of crystals nucleated at time t 
from the start of the reaction m the interval dtisk . . dt. Now consider 

a crystal which nucleated at time i from the start. At time the volume of 
resultant (dv) produced from this particle will given by 

dv = 2A,u, (ig — t)y 

and thus for the particles nucleated at time i, 

dY^2A.u.n^.k - 0 e’** . dt. 

Hence the total volume decomposed (VJ at time will be given by the equation 

V, = 2A.w. Wo 

Jo 

2A . u. Mq. ( (( + 


e~^‘ — 1 
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But the fractional decomposition = 



, hence 


ai.= 



(I) 


Equation (1) js valid until time 6/2^, when a crystal which nucleated at 
zero time will bo completely decomposed. After this time the values given 
by the equation will be in excess of the true values, the excess at time (greater 
than 0/2u) being equal to the decomposition occurrmg in the time interval 


i.e., the excess equals 



-la- 

2u k ! 


Thus the fravtional decomposition at time will be given by 

?!'•+ —T-) - 6 2« + 1 I 

hB 

_ 2Mr 6 J (1 

“ el2«"^ k J’ 


or 


941 


( 11 ) 


Equation (II) is applicable only at times greater than 0/2u. 


Experimental 

Crystals of calcium carbonate hexahydrate were prepared by saturating 
limo-sucroso solution with carbon dioxide. About 36 hours after carbonation 
the crystals had attamed a suitable form and were then washed and sized by 
falhng through ice-cold water. Duplicate measurements of the rate of 
decomposition at two temperatures were then made dilatometrically. The 
thermostats were maintained at 7 -07® and at 10*07* by means of a stream of 
water cooled by an Electrolux refrigerator unit. The mean thickness (0 = 
0*0006 cm.) of the cr}n3tals was measured microscopically. The results are 
given in Table 1. 
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Run 1 *t 7 07^ 

Hun 2 at 7 07'^. 

Run 3 at 10 07® 

Run 4 at 10-07®. 

i in mins. 

100 a 

i In mina 

100 o 

i in miiiH 1 

100 a. 

i in mins. | 

100 a. 

0 

0 00 

0 

0 00 

0 

0 00 

0 

0 00 

39 

1 87 

40 

1 76 

27 

1 36 

1 22 

1-64 

59 

3 49 

80 

5 61 

37 

2 86 

32 

3 20 

89 

6-63 

110 

9-22 

57 

7 20 

52 

7 13 

109 

8-02 

150 

14 73 

77 

12 84 

72 

12 46 

149 

14- 16 

190 

21-44 

97 

20 92 

92 

20-41 

20» 

24-28 

220 

27 26 

117 

31 05 

112 

30 66 

254 

33 67 

255 

33 22 

137 

42 74 

132 

42 54 

290 

42-17 

291 

44 31 

167 

54 63 

102 

59 91 

330 

62 41 

331 

54 62 

167 

60 39 

182 

70-49 

363 

60-91 

364 

63 37 

187 

70 65 

202 

78 59 

400 

69 88 

401 

72 36 

207 

78 81 

212 

81 96 

451 

80 54 

462 

82 49 

249 

89 61 

242 

89 23 

529 

90-72 

530 

91-58 

281 

93 7A 

276 

93 60 

559 

96-13 

600 

96-52 

331 

97 14 

310 

96 54 

00 

100 00 

« 

100-00 

ao 

100 00 

00 

100 00 


Discussion 


Derivation of the Nndeation Comiant — Equation (II), applicable at times 
greater than 6 / 2 u may be written 


where 

80 that 


0«/ w 

(1 — «<.) = logjo — 0-4343 


i.e., logiQ (1 “ is a bnear function of 

Fig. 1 shows the graph log^^ (1 — aiJ against for run 4 . In every case 
an equally satisfactory line is obtained, whose slope gives directly the value 
of ib, the nucleation constant. Prior to ^3 the linear relationship breaks down, 
so that the value of 6/2u can thus be approximately determined. 

Derivation of u, tlie Linear Rale , — Having obtained the value of k, equation (I) 
can be used to derive values of u, the linear rate of propagation. Unfortunately, 
in all solid reactions uncertainty exists as to the true zero time, which may not 
coincide with the apparent experimental zero. Let » where 

tob* is the time of observation from the experimental zero. On substitution, 
equation (1) becomes 


0 


^obs +^c~\r 


0 — 1 
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The zero correction in this case is made by altering the time reference point 
on the assumption that the whole of the volume change has been observed 
experimentally. If, on the other hand, reaction had begun before the initial 
observation it would have been necessary to use the method employed in the 
latter part of this paper. The introduction of does not invahdate the above 
calculation of k. By taking two points on the experimental curve representing 
the fractional decomposition plotted against time of observation, values for 



Fro 1. 


fj, 2tt/0 and hence 6/2 m can be obtained by graphical solution Thence values 
of a, the fractional decomposition, can be calculated for any time and compared 
with the experimental values. Fig. 2, which is typical of the results obtained, 
shows this comparison for run 1. The agreement between the experimental 
and the theoretical curves is very good except in the early stages. This small 
discrepancy is due to the assumption that nucleation once begun spreads 
instantaneously over the surface of a single crystal. The results are summarised 
in Table 11. 


Table II. 


Run No. 

Temperature 

®C. 

-U 

2 uie X io» 

k X 10* 

^ u X 10» 

in mins. 



um.min.-^ 

1 

7*07 

26 0 

2-64 

9-60 

6 36 

2 

7-07 

26 4 

2*58 

g*89 

6*48 

3 

10 07 

22-3 

6*65 

17-4 

16*62 

4 

10 07 

15 8 

6-50 

i 

16-8 

16*26 
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From these values the energies of activation E„ and E* are respectively 
49,600 calories and 29,300 calories. The former value is discrepant from that 
given by Topley and Hume, namely 38,000 calories. Since the values have 
been derived by diflEerent methods, detailed consideration of their relationship 
will be pubbshed elsewhere. It is intended to make a further study of the 
energy of activation over a wider range of temperature. 



O = Kxpeiimcntal Toml. 
OontinuouH Line Theoretical Curve 


The Decomposition of Potassium Hydrogen Oxalate Uemikydrate . — Hume and 
Colvin* showed that a mass of crystals of potassium hydrogen oxalate hemi- 
hydrate decomposes according to a sigmoid curve and analysed the lost part 
of the curve by assuming that the march of the interface across the crystal 
corresponded to a contracting circle. In this way they obtained a value for 
the linear velocity of the interface in agreement with the observed values for 
single crystals. In this section the first part of the curve will be analysed 
allowing for the nucleation rate. 

As nucleation nearly alwajrs proceeds at the crystal boundary the possibility 
• ‘ Ptoc. Roy. Soo.,’ A, voL 126, p. 636 (1929). 
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arises that the nucleation rate is proportional to the perimeter of the 
undecomposed part of the crystal. This leads to a definite result as follows. 

For a smgle crystal let the initial perimeter available for nucleation be Zy. 
The perimeter at time t, Z„ the initial number of points available for nucleation 
tig and the number imaffected at time n^, Then the number of pomts at 
which reaction has started at time t is (n^ — »<), Let u be the mean velocity 
of the interface. The properties of the crystal chosen are, of course, a mean of 
those of the mass ; in other words, equations referring to one crystal on multi- 
plication by the total number of crystals refer to a perimeter length equal to 
the total length and an area equal to the total area. In this way fractional 
nucleation for a single crystal becomes intelligible. 

dn 

On the above assumption 7^ = where k is the nucleation constant. 

at 

Assume that semicircles of resultant spread out from each nucleus. During 
an interval dt the radius of the semicircular area round each nucleus increases 
by w , (ft, and consequently the length of crystal perimeter available for 
nucleation decreases by 2w . (ft. Hence 

^==-2(no-n,)«. 

During this mterval <ft, — nuclei have been formed, but the effect of these on 
the perimeter is of the second order and therefore negligible. Hence 

-^‘ + 2*i(no — «,)u==0, 


ng — W| — Zg ( — j sm f}, 

^ flvk \ 

since tig — n, = 0 when I = 0 and ( — * == — kin. Those nuclei formed 

\ (ft - 0 

dfi 

between t and i + (ft, — -* dt in number, will have produced an area of resul- 
(ft 

J 

tant equal to — ircM® {t^ — i)® — * . (ft at the time L > t). Hence the area of 

(ft 

resultant at any time is 

[ Jtw® (Z| — Z)® Mq cob {(2hu)^ t) . (ft. 


The fractional decomposition is obtained by dividmg this result by the area 
of the crystal. On performing the integration, the fractional decomposition 
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is found to be proportional to sin {{2k . u) ♦t}. This does not accord with the 
experimental results and another basis must be found for the theory. 

In the above treatment of nuclcation the emphasis has been laid on the 
crystal edges. There are, however, three systems of points capable of develop- 
ing nuclei, the lattice points of the plane faces, those along the edges and those 
at the comers. The activation energies of the nucleation rates for these three 
systems may bo so different that only one system contributes appreciably to 
the reaction. At the comers the asymmetry is greatest and the greatest 
nucleation rate would be expected. 

Let there be on the average points per crystal capable of becoming 
nucleation centres. At time i let there bo points still unaffected. Then the 
number of nuclei formed during the interval rft is — dw, =k,n^dt, where k 
is the nucleation constant. Hence n^ = Suppose tliat from each point 

the sector of a circle spreads out. The average angle of the sector will be 

( 1 — ] if the points are comers. 

Then, as before, the area of the resultant formed at any time la 


or 



A zero correction must be applied m the following way. Let the experimental 
zero be seconds after the true zero, and let the time fob* become referred 
to the true zero, or = Job® + At the area of resultant is 

JrtifcnX (l - 1 ) (<. - 0* • dt. 

At the area of resultant is 

[ ( 1 — —) — <)* • df. 

Jo ^ 

The difference gives the increase in area between and fj, i,e , during the 
observation time . With the above value of this difference is given by 

-rr “ ('• “ |) + ^ •• 



640 Ma$8 Rate of Reactions in Solids. 

If A 0 is the area of the crystal, the fractional decomposition observed is obtained 
by dividing by 

Afl — f ' n _ _ t)« it. 

* 0 ' tip 

It was found that the observed values of the fractional decomposition could be 
fitted to a curve of the above type m which the last term is omitted. With 
2 {f^ — Ijk) = 1800 seconds the effect of the last term is negligible. This is 
shown on the graph, fig, 3, where the fractional decomposition read off from 



the smoothed curve A in fig. 4 of Hume and Colvin’s paper (loc, cU.) is plotted 
against <*obs + 2^oba (^9 “ ^ straight line is obtained up to 36 per cent, 

decomposition, and the Ime passes as it should through the origin. Above 36 
per cent, decomposition the areas of resultant meet one another or reach the 
opposite side of the crystal. 

The area Aq is given by Hume and Colvin as 1 *04 X 10"® cm.*. The cor- 
rection to A^ is only about 2 per cent. From the graph we find that 



is 2*66 X 10"®. This gives the following values for « : Hq = 6, « = 2*0 X 10“® 
cm. sec.'* ; no — 5, « = 2*4 X 10"® cm. sec."* ; no = 4, w — 2*9 X 10~® 
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cm. Bec.“^. The expenmental mean velocity is 2*72 x 10"* cm sec."^ 
Hence lies between 4 and 5, a reasonable value. 


Summary 

An analysis has been made of the form of the mass decomposition curves 
encountered in the dehydration of salt hydrates, with a view to evaluating 
the effect of progressive nucleation. The method has been applied to the 
reactions, 

CaCO, . 6HjO- CaCOa + 6HjO 

KHCjOa . KHC,Oa + IHjO 

The authors wish to express their thanks to Mr. F. J. Garrick for helpful 
discussion of the manuscript, and to the Government Grant Committee of the 
Royal Society for a grant to one of us (,1 H ) for the purchase of apparatus 
used in this work. 


The Nuclear Spin of Arsenic. 

By S. Tolansky, B.Sc,, Ph.D.* (Physikalisch-Teclmische Reichsanstalt, 

Berlm-Charlottenburj?). 

(Communicated by A. Fowler, F.H.S. — Received April 21, 1932 ) 
Introduction, 

No fine structure has yet been recorded in any of the lines of the spectra of 
arsenic. The present paper gives an account of the fine structures of the 
majority of the visible lines of As II. This spectrum is very rich in strong 
lines and has been observed here in the region XX 6400-4300 with high resolving 
power. The gross structure multiplet analysis of As II has been nutde by 
E. R. BaOft and the fine structure observations recorded here support this 
analysis. The terms expected and found in this spectrum are shown m 
Table I. 

* Karl Grey Memorial Fellow, Armstrong College, Newcastle. 

t K. R. Rao, unpublished data ; also A. S. Rao, * Proo. Phys Soo./ voL 44, p. 343 
(1932). 
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Table I. 


Electron configurations. 


Terms. 


4s* . 4 j 9* 
4s*.4;i.6s 
4«* . 4p . 6p 
4 j* . 4j> . 4d 
etc. 


*S 

MS P D) 
MP D F) 


•P 

»(S P D) 
»(P D F) 


All lines involving the . 4^* configuration ho in the deep ultra-violet 
region ; therefore this configuration will be disregarded in the present mvesti* 
gation. According to the vector coupling scheme of White and Ritschl* it 
will be expected that the 4s^ . 4p . 5s configuration will show wide h 3 T)erfine 
structure separations, since it involves an unpaired penetratmg 8 electron ; 
this IS actually verified here with some modification. As the 4«® . 4p . 5p 
configuration has no penetratmg s electron, only narrow structures are to be 
(‘Xpected, but this, however, is not observed, smee structure's occur m this 
configuration which are of the same order as those found m the previous case. 
This has important theoretical significance and will be discussed later. The 
intervals m the 4s^ . 4p . 5^ triplet terms which are — 397 cm.~^ and 

®Pi— ^Pj = 2382 cm show that the electron coupling is by no means pure 
(LS) since the interval ratio deviates widely from the Land6 interval rule. 
In the 4s* 4p . 5p and m the 4s* . 4p* terms the deviations are much less 
marked. This incomplete (LS) coupling affects the structure and will be 
considered later. 

Experimental, 

In order to reduce the Doppler and Stark widths of the lines, an attempt 
was made to produce the As II spectrum m a hollow cathode tube cooled with 
liquid air. The efficiency of this tube dejiends upon the sputtering action of 
the positive rays striking the material to be mvestigated, which lies m a cooled 
hollow cathode. If the material does not sputter easily then the source is 
weak and of little use. The sputtering increases with increase m mass of the 
positive rays, so that the heavier the gas used the more efficient m general is 
the tube. Helium, neon and argon were employed in turn, and in each case 
the pure gas was contmuously circulated through the tube at a pressure of 
about a millimetre. The lines of the As II spectrum were indeed obtained, 
but 60 faintly as to be quite useless for observational purposes. Water cooling 


• ‘ Phya. Rev.; vol. 35, p, 1146 (1930). 
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instead of liquid air cooling gave very little increase m intensity since the vapour 
pressure of the arsenic is still very low at 20^ C. It appears that arsenic is 
very difficult to sputter.* 

A different source was tried and this time very successfully. The tube was 
a simple quartz Geissler-tuhe with thick iron rods as electrodes sealed in with 
hard vacuum sealing wax, fig. 1. The tops of the electrodes were completely 
covered with powdered arsenic. Pure helium was circulated contmuously 
through the tube at a pressure of 1 mm. and the tube was excited by means of 
a transformer, a small current being used. 

The observations were carried out ond-on, 
the window being kept clear by means of 
a minute fiamc. A little arsenic was dis- 
tilled into the capillary, which was 4X2 
mm., being oval m section for maximum 
efficiency on the spectroscope slit, and on 
starting the discharge a very rich strong 
As II spectrum was emitted. The capillary 
was at a lower temperature than 100^ C. 
and the lines emitted were surprisingly 
sharp. No doubt this is due to helium 
being the main carrier of the current, and also in part to the rapid flow of the 
gas helping to cool the arsenic vapour in the capillary. 

The lines were examined for fine structure with a silvered Fabry-Perot 
interferometer having plate separations varying regularly from 5 to 25 mm. 
A largo 25ei88 three-pnsm spectrograph was used for preliminary dispersion, 
the interferometer being placed in the parallel beam Agfa Andresa, Perutz 
Persenso and Ilford Soft Gradation Panchromatic plates were used and 
exposure times varied from 10 mmutes to 2 hours. Slach Imc was measured 
with at least two different separations of the interferometer plates, and except 
m the faintest poorly resolved components, the agreement was always good. 

The wave-lengths and intensities of the hues observed agree with those given 
by Kayser.f From the viewpomt of fine structure, the hues can be divided 
into four broad classes, shown m Tables II and III. The lines m the upper 
part of Table II are quite smgle, showing no trace of structure even with a 

* In this connection it is of interest to note that Dr. Dadami, who is working heie with 
antimony, has found the same difficulty. Antimony u, of course, very closely related to 
anenio. 

t “ Handbuoh der Spektroskopie,” vol. 7. 
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high resolviag power approaching 2} milliona. On the other hand, the lines 
in the lower part show a quite distinct broadening indicative of a very narrow 
structure which it is impossible to resolve. 

Table II. 


Wave-length. 

Intensity , 

Allocation. 

0402 (i 

3 ' 

6338 2 { 

1 ^ * 

0837 8 1 

2 1 

5490 8 

20 1 

6303 >6 

•’ 1 

5196 2 


5141 0 

1 6 1 

5121 3 

' 5 

4888 5 

1 5 

i 4/) 5« . ‘Pj— 4p . 5p . 'Pj 

4799 4 

1 1 

4543 6 

12 

1 

4404 4 

20 


4466 5 

2(» 

i 

4468 7 

20 1 

1 

4447 6 

8 , 


4431 7 

10 ! 


4427 2 

8 


4412 3 

15 

1 

4316 5 

15 


4242 4 

15 

1 

! 

6110 3 

6 

1 5« *P,— 4j).5p ‘Pi 

5451 3 

3 


6130 8 

5 


4707 7 

5 

4p . 50 . *P,— 4p . . ‘Sq 

4602 5 

10 


4590-8 

13 


4639 9* 

10 


4437 6 

3(» 


4421 -O* 

15 



• Very broad 


Table III gives the list of lines in which structure has been measured, and 
these are of two kmds, namely, regular senes degrading to the violet in both 
intensity and interval, and lines which show a general complex structure. 
The regular series lines are indicated by an asterisk. The line X 6022*6 shows 
a perfectly regular senes triplet, but along with X 4649*0 is an exception in 
that it degrades to the red and not to the violet, a fact which is m complete 
accord with the analysis given later. The visually estimated intensities are 
given in brackets below each component and the reliability of the observations 
indicated by a remark in the last column. The poor lines are due either to the 
Btnicture being very narrow or else because of the fact that the line in question 
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Table III. — ^As II Lines with Fine Struoture. 


Wave- 

length. 

Int. 

1 Struoture. 

I 

AUoaation. 

Remarks, 

6170-0 

10 

118 

(5) 

0 

<20) 

76 

(2) 

124 

(ID 

201 

a6) 

1 

+ 1 

1 

4j? . 5 j» . *Pi— 4p . 6p . ‘Dj 

Good. 

6022 '6* 

8 

198 

(1) 

120 

(2) 

0 

(3) 

+ 



4p.6*. 'P.-4p . Op . •£>, 

Good. 

6667 0* 

1 

0 

(*) 

117 

(3) 

105 

(2) 

225 

(1) 

+ 


4p, 6s , *P,— 4j? . 5 j? - ‘Pj 

Medium. 

5661 3* 

20 

1 

0 

(3) 

74 

(2) 

112 

(1) 

4* 




Poor. 

6558 1 

20 

80 

w 

0 

(20) 

37 

(6) 

112 

(10) 

108 

(5) 

-f 

4p.lu . ■Dg 

Good. 

6331 -3* 

10 

0 

(3) 

88 

(2) 

119 

(1) 

+ 



4j>.6« »P,-4p.6p.»P, 

Poor. 

5231 4* 

9 

0 

(3) 

197 

(2) 

326 

(1) 

-h 




Good. 

6107 6 

10 

0 

(1) 

41 

(1) 

-h 




4;) . 5a . . ip. 

Poor. 

5106 5 

10 

0 

(8) 

95 

(1) 

144 

(2) 

171 

(2) 

f- 


4p . 5« . . 6p . ‘Sj 

Poor. 

4986 -4* 

6 

0 

(3) 

194 

(2) 

311 

(U 

+ 



4p.6d, •Pi-4p . ejj . iPi 

Good. 

4730 6* 

1 

8 

0 

(3) 

139 

(2) 

230 

(1) 

H- 



4y,6a.»Pi-4i>.6p.»P, 

Good. 

4662 -2* 

4 

■ 0 
(3) 

171 

(2) 

261 

(1) 

+ 



4i> . 6a . *Pi-4|> . 6i> , *81 

Medium. 

4662 • 2* 

4 

0 

/3) 

171 

(2) 

261 

(1) 

+ 



4j) . 6a . »Pj-4|> 6p.»Si 

Medium. 

4649 0* 

30 

127 

(1) 

82 

(2) 

0 

(3) 

-f- 




Poor. 

4413 6* 

25 

0 

(3) 

70 

(2) 

127 

(1) 

-f- 




Poor. 

1 

4340 4* 

1 16 

1 

0 

(4) 

276 

(3) 

513 

(2) 

660 

(1) 

-1- 


! 

1 

Good. 

4336-6* 

16 

0 

(4) 

160 

(3) 

274 

(2) 

321 

(1) 



1 

1 

Medium* 


* B«gttlaT degraded senes. 


lies in a region unfavourable for a silvered interferometer. In the table the 
strongest component of each line is made the null line and the separations ot 
the rest are given in cm.~^ X 10~’. In the good lines the sepaiations are 

2 o 
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probably accurate to about 1 or 2 units and m the worst to about 10 units, 
the latter figure holding only for the very badly resolved components. The 
line allocations are those given by Rao. 

Analysis of the Stniotures. 

The analysis is simplified by the fact that arsenic only possesses one isotope, 
namely 76, so that no isotopic complications arc at all possible. Two separate 
methods of analysis are employed, according to the nature of the line in 
question. The first method is used for a complex Ime that is well resolved. 
Such a line is, of course, a tmy multiplet and is simply analysed by means of 
constant difEerenccs in the usual manner, giving both upper and lower term fine 
structures. The gross stnicture transitions of the Imes measured are shown 
m fig. 2 and it is seen that most of the terms involve more than one line, so 
that a check on the analysis is often possible. 



The second method of analysis is that proposed by Fisher and Goudsmit* 
and has been used successfully by the author in analysing the fine structures 
in the bromine and iodine arc spectra. B*or this method the nuclear spin and 
the J values of upper and lower terms must all be known. It is briefly illus- 


• * Phya. Rev./ vol. 37, p. 1047 (1931). 
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trated in fig. 3 for the case of 4p .5s . 4p . 6p . the nuclear spin 
being taken as It is assumed that the interval rule holds exactly in the 
term fine structures, that is to say, the interval between two terms with fine 
structure quantum numbers / and /+ I is A(/ + 1) where A is the interval 
factor and is a constant for any given gross multiplet term. The value of A 
depends primarily upon the coupling between the optical electron and the 
nuclear spin, and being different in upper and lower terms produces the complex 
fine structure patterns usually met with. The graph is built up as follows. 
Both upper and lower terms are given the same interval factor and the resulting 
line complex plotted as points along the line AB, which is therefore the line 
structure observed when the ratio of upper to lower interval factor is +1. 
The upper term is then inverted, retaining, however, the same value of A, and 
the line complex now formed by all the possible transitions is plotted at EF, 
which therefore shows the stnicture when the ratio of the upper to lower 
mterval factors is —1. The corresponding transitions jn AB and EF are 
then joined by lines, which for clarity are drawn with thickness roughly pro- 
portional to the mtensities of the Imes concerned. The selection rule employed 
IS, of course, A/ = i 1 (0 0 excluded), and the absolute intensities of the 

components are calculated from the formulge given by Hill.* 

A horizontal Ime drawn at any particular pomt between AE gives the 
appearance of the structure for that particular ratio of the upper to lower 
interval factors. Thus at CD, the exact centre of AE, the upper term structure 
13 zero and the resulting line pattern is a sharp triplet degrading to the violet, 
and in which the mterval rule is exactly obeyed. The graph is particularly 
useful in the case when the upper factor is small compared with the lower. 
In this case the Ime still appears as a fairly sharp triplet, and in order to fit 
such a Ime into the graph, the following is employed Through each of the 
centre points on CD dotted lines are drawn along tlic optical centres of gravity 
of the Imes coming to that point, and it is seen that for a fair distance on either 
side of CD the line complex appears as a triplet, the lines becoming broader 
and the intervals altermg as AB or EF is approached. The observed line is 
found to fit only one horizontal position and this position gives the values of 
both upper and lower interval factors. If the ratio of the factors is not very 
large, i.e., the horizontal line is a good distance from CD, then other centre of 
gravity lines have to be constructed. Below the graph in fig. 3 are shown at 
(a) the predicted pattern of the line considered, for an upper to lower ratio 


* ‘ Proo. Nat. Acad. Soi. Wwh.,’ vol. 16, p. 68 (1830). 
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of 100 : 17. At (6) is the resulting triplet which is all that can be ezperi* 
mentally observed because of resolving power difficulties, whilst (c) shows the 
triplet observed. There is very good agreement both in intervals and in 
intensities. 

The detailed analyses of individual lines will now be considered. The sharp 
regular series triplets and quartets show the number of fine structure com- 
ponents in one of the terms of the line concerned, usually the 4p . 5s term. 



DntvdiAjtd > 1 I - I I II 
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( 6 ) 
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Fio 3. — Graphical method of analysis. Structure of X 4730 *6 ^ . •Pi— 4p * tip . ®P|. 


since a sharp regular series can only arise when the structure in one term is 
relatively small compared with that in the other. The maximum series 
observed is a quartet, this being clearly shown by three lines, only one of which, 
however, has been allocated. Since the term multiplicity is 21 + 1 or 2J + 1 
according to which is the smaller, then I must be in order to account for the 
quartet lines. The allocated quartet is 4p . . ‘Pj— 4p . 6p . which 

would give a quintet if I were greater than and it is probable that the strongest 
of the unallocated quartets has a J value of three. It will be shown later 
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that the intervals in the tenn 4p . Rs. strongly support the value of } 
for 1. 

The lines will now be considered in the order convenient for analysis. 

X 6022-6. 4p.6s.»Po-4p.6p.*Di. 

This line is a well-resolved very sharp regular triplet degraded to the rod. 
The lower term having a J value of zero remains single (2 J + 1 = 1) so that 
the triplet line structure is identical with the term structure of 4p . 6p . *0^* 
Since this term has a J value of 1 a triplet is predicted, as observed. The 
term and line structure are shown m fig. 4, a. 

X 4888-6. 4p.6s.aPo-4p.6p.iPi. 

This line is quite sharp, showing no trace of structure oven with 2J millions 
resolving power. As the lower term is single ( J = 0), it follows that the 
structure in the upper term must bo very minute and not at all observable. 

X 4986-4. 4p . 5s . ^Pj— 4p . 5p . ^P^. 

This is an extremely sharp regular triplet degrading to the violet. The 
absence of structure in the previous Ime shows that the upper term has 
practically no structure, hence it follows that, as in the first line considered, 
the line structure gives a term structure, the term in this case being 4p • 6s . ’P^, 
fig. 4, b.* 

X 6170-6. 4p . 5s . ®Pi— 4p . 5p . *0^. 

A complex line showing five components. Because t he structures of the 
4p . 65 . *Pi and 4^ . 6 p . terms have both been obtained from previous 
lines, it is possible to predict the fine structure of this line, and this is shown in 
fig. 4, c. Owing to the fact that the upper interval 120 is so close to the lower 
interval 117, the lines ^ j and J J fall practically on top of one another. 
Similarly, since the sum of the upper mtervals is 198, and as one of the lower 
intervals is 194, then and i also superpose. The respective intensities 
of these pairs have been summed in forming the predicted pattern and, as seen 
in the diagram, the observational agreement both as to intensities and intervals 
is remarkably exact. This exact agreement confirms both the analysis of 
the previously discussed terms and also indicates the reliability of the gross 
structure multiplet allocations. 

* In a preliminaiy note to * Nature * (vol. 129, p. 652 (1632) ) on the nudear spin of 
anonio, the aUooatlon of this line was mistakenly given as 4p . 5s * *F| — 4p . 6p • This 

enor has no effect on the oondusions there stated. 
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X 4730-6. ip. 5s. »Pi-4p . 5p . 

This IS a regular triplet fairly well resolved, but in a region where maximum 
resolution la not attainable, so that the separation of the lost pair of components 
is not as good as that of the first pair. The line fits into its graph at a ratio of 
lower to upper interval factor of 100 . 17, fig. 3. The observed intervals are 
139, 91 and those predicted 139, 87, which is very good agreement. Of 
course, the line is adjusted in the graph to make the first predicted and observed 
intervals equal. In this line there is a che^k on the graph since the structure 
of the . 5s . ®Pi term is already known. Assuming the interval rule holds 
in the upper term, then the term structure of 4p . 5p . *Pg is thus also obtamed 
from this line. 

X 4552-2. 4p.5« 3p^-4p . 5p . 

The present line is wmiljir to tlie previous line and was also analysed graphi- 
cally. The observed pattern is 171, 90, and a ratio of 4 : 1 gives 171, 99, which 
IS good considering the fact tbit the tail end of the triplet is not well resolved. 
The ratio values obtained m this and the previous lines arc not affected by the 
lack of resolution since they are really obtained from the first more accurate 
interval. The predicted, resultant observable, and the actually observed 
patterns an* shown in fig 6, a, 

X 6558-1. 4p.55.3Pj--4p.6p.3D2. 

This Ime is complex, showmg five components, and, as the structure of the 
lower term is already determmed, that of the upper can be calculated even 
although the resolution is incomplete. Both methods of analysis can be used, 
and assuming that the interval rule holds in the upper term the structure shown 
lu fig. 5, a, 13 obtained. This gives the resultant pattern, fig. 6, 6, the observed 
pattern being shown at fig, 6, c. The agreement is quite good, although the 
very weak component ] } was missed. The middle observed component 

(mtensity 6) is somewhat displaced from the predicted position, but since it 
lies asymmetni^ally betwi'on two strong lines it is not completely resolved 
from the stronger. 

X 5667-0. 4p . 5s . »P2-4p . 6p . 

This is a regular quartet degraded to the violet, the lines being sharp. The 
last two components are quite clearly resolved, but rather too close for accurate 
measurement. Previous data have shown that the upper term has a neghgible 
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Btructuie, therefore the line structure should be the term structure of 4p . 6 « . *P 2 . 
This being so, the interval rule should hold. The observed intervals are 
117, 78, 30, the error in the first two being ± 4 units and that in the last much 
more. If the Land 6 rule holds exactly, the mtervals should be 117, 83, 60. 
The first two agree reasonably well, so that it is fairly safe to assume that in 

4p 65 terms the interval rule is valid, and 
that the latter values give the actual struc- 
ture of the terra. The terra and line 
structures are shown in fig. 6 , h. 

X 6331 -3. 4p . 6 s . *Pa-4j) . 6 p . aPg. 

Since the lower terra structure, which is 
given above, is only medium, and as in this 
particular case the upper term has also a 
reasonably wide structure, as deduced from 
X 4730 * 6 , the line is therefore complex, 
narrow and very diflScult indeed to resolve. 
It was observed as a poor triplet, the com- 
ponents bemg both broad and badly re- 
solved. The resultant predicted pattern 
and that observed are shown m fig. 6 , c, 
and the bad agreement is no doubt entirely 
due to lack of resolution. The lino at least 
does not contradict any previous analysis, 
since it is predicted to be complex. 

X 5106 '6. 4p , 6^ . ^Pj — ip . bp . ^Si. 

Like the previous ime, this is also a 
badly resolved very unreliable group. Both 
the upper and lower structures have been deduced from other lines so that 
the line structure can be built up. Fig. 6 , d, shows the result, and it is seen 
that agreement is poor. 

X 6110-3. 4p.5s.iPi-4p,6p.iPi. 

This line is single, showing a shght broadening to the rod, which is just 
noticeable. As the upper terra is known to be narrow the lower terra must 
also be the same, but since the line degrades to the red, then this lower term 
atructure is inverted. 
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X 4707 -7. 4jE).5ji.iPi-4p.6p.iSo. 

This is identical with the previous line, being single and degraded to the 
red. The upper term, havmg a J value zero, is single ; therefore this line 
checks the above, both giving the 4p . 65 . term as having a very narrow 
inverted structure 

X 5107 • 6. ip, 58 . ^Px-“4p . bp . ^Da. 

This 18 a very narrow complex line app(*aring as a close doublet with high 
resolution, the components being 41 units apart and of similar intensity. As 
the lower terra is so narrow the structure must be due to the upper term. It 
should then bo a quartet, but with a narrow quartet and with poor resolution, 
the last three components will group together and the resultant appearance is 
a doublet, the intensities of the two being about the same. It follows, there- 
fore, that a rough idea of the interval factor of ip .bp , ^ 1)2 can be* obtained 
and this turns out to be 12 units. 

In addition to the structures of all of tliese allocated lines, those of a number 
of unclassified lines have also been measured and these are all given m Table 

III. Attention may be drawn to the line X 4340*4, which is a perfectly 
resolved quartet having a much coarser structure than any other line, namely 
intervals of 276, 237, 153. For a J value 3 these should be m the ratio 9:7:5 
and actually they are m the ratio 9 X 31 : 7 X 34 ; 5 X 31. This is suggestive 
of a term with J value 3 and mterval factor 62 Further, the regular quarter 
X 4336 *6 shows the intervals 160, 114, 47, the last separation not being very 
accurate. These arc in the ratio 7 X 23 : 5 X 23 : 3 X 16, which, when the 
poor measurement of the last component is considered, arc in the ratio 
7:5:3, the value demanded by a J value of 2. Smeo both lines degrade to 
the violet, these J values are to be attributed to the lower terms. 

Discusston. 

The structures and mterval factors of the vanous terms are given m Table 

IV. 

Only the data for the terms *Pq, of ihe ip .bs and the ®Sq 

terms of 4p . 5p are exactly determined. From fig 2 it is seen that most of 
the term interval factors have been obtained from more than one line. The 
interval ratio in the 4p • 6a . *Px term is exactly 6 : 3, which is the correct value 
required for a nuclear spin of However, the ratio in the ip. bp. ®Di term, 
which should be the same if the interval rule holds, is 6 : 3 - 25 and the measure- 
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Terms. 


Term struotures. 


Interval factors. 


4p . 5 ^ 


•p. 

•p. 

•p. 

‘Pi 


Zero 
194 117 
117 83 50 
Small, inverted 


Zero 

78 

33 

Small, inverted 


4p 


6p ■< 


*i>i 

•1). 

»p, 

‘Pi 

. *Si 

L ‘s. 


120 78 
84 bU 36 

46 33 20 
Small 
48 29 
Zero 


50 

24 

12 

13 

Small 

14 
Zero 


mcnts are sulBcK*ntly exact to show that this deviation is real. It is possible 
that the exact interval rule fails m the other ip . 6p terms, but smee the 
deviation is relatively small m any efiect cannot be destructive upon the 
preceding analysis. It is, of course, impossible to detect deviations m any 
of the other terms since the interval rule was assumed m doduemg their 
structures. This breakdown of the interval rule will be mentioned agam 
later. 

The relative observed values of the interval factors will now be compared 
with those predicted by the vector coupling method of White and Ritschl 
(ioc. ctt,). 

This coupling method is illustrated in fig. 7, for the ip . 5s configuration. 
At the left at A are the ip . ; terms of As III on which the ®P and ^P terms 

of As II are built. The 45^ electron group, being closed, exerts no influence 
on the fine structures and so is comjjletely neglected. The I value of the ip 
electron is shown by a long thiii arrow, and the spin by a short, thick black 
arrow. The As II terms fonued by the addition of a 6s electron, m (LS) 
coupling, are shown at B, the small hollow arrow representing iho spm of the 
added 8 electron. The efiect of compoimding a nuclear spin I == j is shown at 
C. Since the total spread of the fine structure, ^.e., the interval factor, la 
proportional to cos (IS) when cos (IJ) = 1, White and Ritachl (loc ciL), then 
the relative interval factors are proportional to the angles made by I and S 
when I is placed parallel to J. The n'sultmg relative patterns shown at C 
hold only for strict (LS) coupling. At the extreme right of the diagram the 
observed interval factors are recorded, and the mam difference between the 
two is that the observed A for is greater than that for whilst in the 
predicted diagram this is reversed. 
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However, fig. 7 holds only for strict (LS) coupling, and actually the gross 
multiplet analysis indicates a stage intermediate between (LS) and (JJ). 
Fig. 8 shows the structures obtained with pure (JJ) coupling and with respect 
to this the following point is of importance. Breit* has shown, that in heavy 
elements, a electron, i.e., a p election with I and 8 opposing, behaves as 
if it were a penetrating electron and should therefore produce wide structures. 
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¥iq, 7.— Fine struoture vector oouplingB. (18) coupling. 


Since the term in fig. 8 is built up out of a p^ electron and an 8 election 
coupled parallel, then it should show the largest interval factor of all the terms 
in this configuration. It is seen that the observed results fit in very well with 
the predictions of fig. 8. The interval factor for *Po is zero, the factor for *?] 
is greater than that for *Pt and ^P^ is small and inverted. These are all pre- 
dicted so that the structures can fit a coupling scheme intermediate between 
(LS) and (JJ) but having a strong tendency towards (JJ). 


* * Phys. Rev.,’ voL 37, p. 1182 (1081) and vol. 88, p. 462 (1081). 
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The data for the 4p • 5p configuration are not exact enough for conclusions 
to be drawn about the coupling processes. 

The penetrating property of the electron, which explains the wide structure 
of ’’Pj, also succeeds in accounting for the abnormally large structure found m 
the 4p • 5p. term. Smcc this term is built up out of two p^ electrons 
coupled parallel, then on this view it should possess a structure comparable 
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Fio. 8. — ^Fine struoture vector couplings. 


(JJ) coupling. 


with that produced by a penetrating « electron, and experimentally this is 
found to be the case. It is to be observed that the interval rule does not hold 
exactly in this term, which is possibly associated with the fact that the orbital 
motions of the p^ electrons affect the coupling so that the simple cosine law of 
interaction is not valid. 

Conoeming the list of single and broad hues which are not allocated, and are 
given in Table II, all that can be said is that they probably represent transitions 
between the 4p . 5p and ip . 4d configurations, whilst the coarse line X 4340*4 
may come perhaps from the 49 . i^ group. It is to bo observed that the fine 
structure observations confirm the gross structure multiplet analysis. 




558 


Nudear Spin of Arsenic, 


Sumfnary, 

The fine structures in the majority of the strong visible lines in the spectrum 
of As II have been observed and analysed. Most of these lines involve the 
4p . 5s and the 4p . bp electron configurations. The source used was a Qeissler 
tube containmg arsenic and helium, and the structures were observed with a 
Fabry-Perot interferometer having varying plate separations. 

The structures can be completely explamed by taking the nuclear spin as I, 

The term structures of all the four ip . 5s terms and those of seven of the 
ip . 6p terms have been determined, and the former can be accounted for if 
the electron couplmg in As II is taken to be intermediate between (LS) and 
(JJ) but with a strong tendency towards (JJ). 

The analysis shows that a p^ electron is to be considered as if it wore pene- 
trating, and experimentally such an electron is found to produce wide fine 
structures. 

Twenty-six unallocated lines are found to be either quite single or else just 
broadened a little, and these probably represent ip , id— ip . bp transitions. 

The fine structure observations confirm the gross structure multiplet analysis 
in detail. 

I take this opportunity of expressing my thanks to Dr. K. R. Rao for allowing 
me to use his unpublished data on the gross structure analysis. I also wish to 
express my appreciation of the kind continuous assistance and encouragement 
given to me by Professor F. Paschen, in whose laboratory this investigation 
was carried out 
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The Elastic Limit of Metals Exposed to Tri- Axial Stress. 

By Gilbert Cook, D.So. 

(Commumcated by E. V. Appleton, F R S —Received April 22, 1932 ) 

§ 1. Introduction, 

The numerous mvostigations which have been carried out since the opening 
of the present century into the elastic breakdown of metals have resulted in 
the formulation of several hypotheses concerning the conditions of stress and 
strain necessary for its occurrence. The methods generally employed in the 
investigations have consisted in the application of combinations of tension and 
compression with torsion, and of bending with torsion, to solid bars and thin 
tubes, and of tension and compression combined with internal and external 
pressure to thin tubes ; so that the stress system produced in the metal was 
essentially bi-axial in character, the third principal stress being either very 
small or zpro. The results of these experiments have given general support 
to the shear stress hypothesis of Guest,* although with deviations which in 
some cases are not insignificant. 

Experiments employing a tri-axial stress system, m which the relation to 
each other of the component stresses could bo varied, have been comparatively 
few in number. Tests by Turnerf on thick walled cylinders of mild steel 
exposed simultaneously to mtemal pressure and axial tension, were inconclusive, 
possibly owmg to the irregularity of the tubes. Those by Cook and Robert- 
son, f also on thick-walled tubes of varying dimensions, showed a reasonably 
constant value of the maximum shear stress at the instant of elastic breakdown 
at the internal surface ; this stress was, liowever, considerably higher than the 
shear stress observed in the uni-axial state of stress in a simple tensile test of 
the same material, a result confirmed in more recent tests of a similar kind by 
the author.§ The newer hypotheses of Haigh|| and of von Mises^ require 
an effect of this kind ; but it has been suggested by the author that the observed 
effect may nevertheless be associated more directly with the non-uniform 
character of the stress distribution, rather than as an indication of the 

• • Phil. Mag.,’ vol. 60, p. 69 (1900). 
t * Engineering,* vol. 92, p. 116 (1911), 

X * Elngineering,’ vol, 92, p. 786 (1911). 

§ ‘ Phil. Trana.,* A, vol. 230, p, 103 (1931). 

II Haigh, ‘ Rept. Bnt. Assn.,’ p 486 (1919), and p. 324 (1921). 

^ von Mines, ‘ Naohr. Gos. Wiss. Gottmgen,* p. 682 (1913). 
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inapplicability of the hypothesis which regards failure as due to the existence 
of a critical value of the shear stress. 

The investigation described in the present paper is a further attempt to 
ascertain more definitely which of these three hypotheses most closely repre- 
sents the conditions at the elastic hmit m certain metals when exposed to a 
tri-axial stress system. If py, p^ are the principal stresses, then according 
to the Guest h}^thesis of constant shear stress at least one of the equations 

P,-Pi> = ±f, rh~p,=»±f, = ±/. ( 1 ) 

most hold, / being a constant equal to the stress at the elastic limit in a uni- 
axial system. The Haigh hypothesis of constant stram energy is represented 
by the equation 

}>.* + p.* + p.® - 2 <t (p,p, + pj>, -f p,p,) = /», (2) 

where a is Poisson^s ratio, wliile the relation proposed by von Mises is 

(p. - P.)* + (P. - p.)* + (p, - Pi.)* == 2/*, (3) 

which, as shown by Hencky,* is also the condition of constant energy of shear 
strain. 

Regarding the principal stresses as co-ordinates, the surfaces represented 
by the above equations have been discussed in detail by Haigh {loo, cU,)^ 
Westergaardjf and Schleicher.J Equations (1) and (3) represent the surface 
of a hexagonal prism and its circumscribing cylinder respectively, both extend- 
ing indefinitely in the axial direction, which is equally inclined to the positive 
directions of the co-ordinate axes. Equation (2) is that of a prolate spheroid 
whose major axis also lies in this direction. 

It will thus be seen that the hypotheses of Guest and of von Mises, as distinct 
from that of Haigh, require that the liability of a material to elastic breakdown 
under a given stress system should not be affected by the addition of a fluid 
stress. On the other hand, variations in the value of the intermediate principal 
stress will be without effect on the conditions of failure only if the Guest 
hypothesis is valid. The two lines of attack thus suggested are described in 
§ 2 and § 3 below. 

§ 2, The Effect of Fluid Stress on the Elastic Limit. 

There is little definite knowledge available as to the behaviour of materials 
under fluid tensile stress. No method of imposing this kind of stress in any 

* * Z. angew. Math. Mech./ vol. 4. p. 823 (1924). 
t * Franklin Inst.,’ vol. 189, p. 627 (1920). 
t * Z. angew. Math. Meoh.,’ vol. 6, p. 109 (1026). 
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considerable intensity and in such a manner that it can be measured even 
approximately has been discovered , and altliough there is reason to believe 
that such states of stress exist under particular ciicumstances, and give rise to 
brittle fractures in otherwise ductile materials, little is known as to the 
intensity of stress which produces such fractun's. It is probably very high 
compared with the elastic limit in uni^axial tension. 

The available knowledge regarding the efiect of high fluid compressive stress 
on metals is chiefly due to the researches of Bridgman. The general conclusion 
to be drawn from them is that the application of a pure hydrostatic pressure, 
even of extreme intensity, produces no permanent change in the metal. It is, 
of course, inconceivable that plastic flow would occur m an isotropic material 
under simple fluid stress, either tensile or compressive. It does not, however, 
necessarily follow from the absence of an observed permanent effect that a 
critical state is not reached during the application of the fluid stress which 
might make possible a permanent change of shape under the action of a dis- 
torting stress which, applied alone, would he within the elastic liixut In this 
connection an observation made by Bridgman* in an investigation of the 
effect of pressure on the rigidity of metals is of interest. A number of metals 
m the form of helical springs were exposeci to torsional stress simultaneously 
with hydrostatic pressure up to 12,000 atmospheres. With one exc(»ption, 
all the metals tested had high elastic limits, and no permanent change in the 
dimensions of the springs made from these metals could be detected The 
exception was that of the metal palladium, whose elastic limit was rather low. 
As no numerical data are given by Bridgman for this case, his own remarks 
upon it may be quoted : — Tht* original spring . [as extended] 

“ was not far from its elastic linut, and under pressure there was an effect 
which amounted to an in(;reasi» of set or lowering of the elastic limit . . . 

After the t-ermination of the oxpi^riment ” [involving applications of pressure 
up to 12,000 atmospheres] “ the palladium spring was found to have received 
considerable permanent elongation The effect of pressure on the elastic 
limit has apparently never been determmt‘<l , what we have here is virtually 
a quahtative observation that the limit is lowered by pressure, an unexpected 
result.’* 

It seemed important, therefore, to the author that a critical test on this 
point should be performed, a metal of sufficiently low elastic limit being used 
so that a fluid pressure many times greater than the shear stress at the elastic 

♦ * Proc. Amer. Acad. Arts Sci.,’ vol. 04, p. 39 (1929). 
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linait could be imposed. The method adopted was similar to that employed 
by Bridgman. The material chosen was soft iron wire 0 * 0276 inch in diameter. 
It was coiled into the form of a helical tension spring of about 26 coils having 
a mean diameter of 0*660 inch, and was then annealed in a vacuum furnace. 
Reference marks were made on the spring m two pairs separated by 17 coils, 
each mark of a pair being at opposite ends of a diameter. By this means the 
axial extension while under load in the atmosphere, and any permanent set 
which occurred, could be measured by observation through the telescope of 
a cathetometer. 

The spring was first extended by successive loads at atmospheric pressure 
in order to determine the position of the elastic limit. The observations are 
given in Table I, and the load-extension curve in fig. 1. 



Table I. 


i 

Moan (liatance 


TotAl load 

between reference 

Extension 


marks 


lb. 

mm. 1 

mm. 

Zero 

4S-38 1 

— 

0 054 

66*21 1 

7 83 

0104 

63 37 1 

14-99 

0 114 

64<84 

16 46 

0124 

66 43 ! 

18 05 

0 134 

68-31 

19 93 


ft will be .seen that there is a fairly wi*Il defined elastic limit at a load of 0 ■ 114 lb., 
corresponding to a maximum shear stress in the wire of 3*5 tons per square 
inch. The spring was now re-annealed, and a load of 0*104 lb., slightly below 
that corresponding to the elastic limit as determined above, was applied and 
removed as described in part (i), Table II. The small permanent set produced 
by the first two applications of this load is seen to n'inain unaltered after a 
further 48 hours' continuous application of the same load ; thus, although the 
maternal is exposed to a stress little less than that which would cause 
considerable plastic flow, it appears to be quite stable. 

The spring was now suspended vertically in a pressure vessel, fig. 2, consistmg 
of a thick-walled tube of high tensile steel, filled with glycerine. A load 
equivalent to that previously imposed, 0*104 lb., was suspended from the 
spring, due allowance being made for the density of the glycerme. The 
pressure was raised to 21*5 tons per square inch by means of an intensifier, 
and was allowed to remain at this figure for a period of 48 hours. The spring 
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waa then removed from the apparatus, particular care being taken to avoid 
l^lposing any strain upon it in doing so. A measurement on the unloaded 



Ejctension 

Fig 1 

Table II. 

I -- - - 

JUjad applied and removed ! Mean distance t Permanent exteniuon. 

Duration between 

of reference markn 

Axial Fluid application. after removal For- 

load. pressure of load contage. 


lb. 1 

tons/sq. ID. , 

Lours j 

mm. 

mm. 1 


__ 1 

-- 

.M) 81 1 

— 

— 

0 104 


2 

j 51 08 ! 

0 27 1 

0'54 

0104 i 



16 

51 13 

0 32 

0-64 

0104 

— 

48 

1 51 13 

1 

0 32 

0 64 


(") 

0*104 I 21*6 : 48 I 51 03 | 0-22 | 0*44 


2 P 2 




564 


G. Cook. 


spring now gave the figures shown m part (ii), Table II. The small per- 
manent exteasion previously observed has apparently been diminished slightly, 



but it IS considered that the difference is prob- 
ably due to the unavoidable handling of the 
spring m placmg it m, and withdrawing it from, 
the pressure apparatus It is, m any case, in 
the opposite direction to that which would be 
found if the elastic limit were lowered by the 
application of the fluid pressure. It will be 
noted that the fluid pressure imposed m this 
test was more than six times as great as the 
shear stress at the elastic limit observed under 
atmospheric conditions , and the absence of 
any appreciable (‘ffect due to its application 
justifies the conclusion that the addition of such 
pressure does not increase the liability of this 
material to elastic breakdown Although it 
cannot with certainty be inferred tliat other 
ductile materials would behave lu a similar 
manner, it seems highly probable that the effect 
observed by Bridgman m the case of palladium 
is due to some other cause 

§ 3 Effect of Vanaiions in the Ma4]nit}ide of the 
Intenneduite Principal titress 

If the conclusion is accepted that the position 
of the elastic limit is independent of the intensity 
of the fluid stress, it follows that stress differ- 
ences alone will be found in tlie expression of 
any theory which can be applicable. The shear 
stress theory of Guest, and the shear strain 
energy theory of von Mises-Hencky comply with 
this condition The question as to which of 
these two hypotheses is preferable may be ex- 
amined by observing whether the maximum 


shear stress, or, what is equivalent, the differ- 
ence between the extreme principal stresses, 


prevailing in the material at the elastic limit, is affected by the value of 
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the intermediate principal stress. This has been the method used in recent 
investigations when*, however, the emjuiry has been confined to the conditions 
necessary to set up and maintain a condition of plasticity in material which 
has already received a considerable amount of plastic deformation. The work 
of Lode* on thin tubes of iron, nickel, and copper exposed to combinations of 
internal pressure and longitudinal tension ; of Hohoneinserf on thin steel tubes 
subje(*t<*d to combined tension and torsion, and particularly the recent work 
of Tayloi and QuinneyJ on tubes of copper, aluminium and iron, hav(‘ shown 
that the onset of plastic flow under such conditions is undoubtedly aff<‘cted 
by the value* of the ini(*rmediate priiu ipal stress, and to an extent, moreover, 
which is in good agreement witli the hy])othesiH of constant energy of shear 
strain The experiments to be described in this section were imdertaken in 
order to discover N\hethiT a similar effect was observable in regard to the elastic 
limit in previously uiistTamed mati*nals 

The cas(‘ of compound stress chosen for this study was that which exists at 
the inner surface of a thuk- walled cylindei exposed smudtancously to internal 
pressure and longitudinal tension In a cylmd<T in which the longitudinal 
stress IS due solely to the intenial pressure, the principal stresses at a point 
in the iniuT KurfacH' are, from the well-known theory 


Ih ^ P 


Pv P 


I "I 

I 1 


Pz^ 


(4) 


where p is the numerical value of the internal fluid pressure, and k the ratio 
of external to internal diameter In this the axis of z is taken parallel to the 
axis of the cylinder, and those of y and ;; in the tangential and radial dirwtions 
reap'ctivoly, tensile stresses being positive The relative values of py and p, 
may be vaned over a considerable range by varying fc, but although depen- 
dent also on fc, is (lomparatively small except in very tliin tubes. It may, 
however, be varied independently of py and p,, by applying an additional axial 
load, and it 18 the intermediate principal stress so long as the additional axial 
stress 18 less than p . — 1 ). By choosing a suitable value for k we may 

♦ ‘ Ver (leiith Ing Forsuhrft vol. 303 (1928). 
t ‘ Z angew Math Mech vol. 11, p l.> (1931). 
t ‘ Phil. Trane..’ A, vol 230, p 323 (1931) 
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examine by this method the efiecfc of the intermediate stress extending, from 
a comparatively low value, over a range greater than the internal pressure 
applied, without altering the disposition of any of the prmcipal stresses 
Two varieties of mild steel, containing 0*21 per cent, C and 0*36 per cent C 
respectively were used in tiie investigation. These were specially prepared 
and supplied by Messrs. Thos Virth & Sons. The analyses are given in 
Table III. 


Table III — Analysis of Steels. 


R«ferenc<t 

1 1 

1 C. ! 

1 1 

Si. 

m 

1 ! 

P. 1 

Ni 

C 

0 21 

009 

0 «5 

1 0 018 1 

1 

0 018 j 

1 

on ; 

J 

0*35 

1 

0 22 

i 0 60 

1 

1 0 020 , 

1 1 

0 020 1 

1 

0 46 


A considerabh* amount of information was available from a previous 
investigation m regard to the behaviour of the 0*21 per (iont C steel under 
other non-uniform stress systems 

Stress-strain diagrams obtained from tests in simph* tension on specimens of 
the same shape and witli the same heat treatment as the cylinders, are 
shown in fig. 5, and it will be seen that no deviation from a linear relation 
between stress and strain ls perceptible up to the yield point, which thus 
coincides with the elastic limit. 

The cylinders used in the tests under tri-axial stress were machined to the 
form shown in fig. 3. It was decided to keeji the dimensions the same in all 


I 



Km. 3. 

caaes, so that no variation m the ratio of the transverse principal stresses 
would occur. The external diameter of the central parallel portion was made 
twice the internal diameter, and this portion was connected to the screwed ends 
by fillets of largo radius to avoid concentrations of stress due to the axial load. 
The specimens wen* carefully machined internally and externally and were 
then heat treated %n vacuo to remove initial stresses. The temperatures 
employed were 900*^ C. for the 0*21 per cent C steel, and 370° C. for the 0*35 
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per cent C sti'cl, the spenmens being allowed to remain for 20 minutes at this 
temperature The specimens of 0-21 per cent. C steel 


were allowed to cool in the furnace, as it was desired 
to compare the results of the tests apphed to this 
material with others in which the same heat treat- 
ment had been given, while those of 0*35 per cent, 
steel were ri'iiiov(*d from the furnace to cool by radia- 
tion i?i vactw 

The method used for applying the c'ombination of 
fluid pressure and axial stress is shown in fig 4. 
The longitudinal tension, applied through axial loading 
grips of the ball type from a special straining gear, is 
measured by the elastic extension as recorded by a 
mirror extensometer, of a weigh bar A of high temule 
steel coupled m senes with the npecimeii B. Fluid 
pn'ssun* was traasmitted to the mlorior of the test 
piece through a fine bore steel tu be C from an intensi- 
fier and was measured by means of a steel tube 
Bourdon gauge with ]i*w('lled beanngs reading to 20 
tons per stpiare inch, and graduated m divisions of 
0*1 ton per square inch. The gauge was calibrated 
against a dead weight tester at the makers’ works m 
the pn'sence of the author. 

In order to observe the strains produced in the 
specimen two extensometers were used The radial 
extension of the external surface was measured by 
means of a Lamb diametral extensometer,* and for 
the axial extension a mirror extensometer embodying 
the Martens principle was employed The purpose of 
both extensometers was to indicate when any de- 
parture occurred from a linear relation between the 
strains and applied stresses, and it was unnecessary 
therefore to convert scale readings into actual strains. 

The method generally employed m carrying out a 
test was first to strain the cylinder axially to a stress 
such as, with the addition of the stress due to the 



Fig. 4. 


estimated mtemal pressure, would give approximately a predetermined 


♦ For a description of this extensometer, see ‘ Ktigmecnng/ vol, 119, p. 207 (1925). 
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value of the total axial stress. The fluid pr^sssure was now raised, and 
readings on both extensometers attached to the specimen, and also on that on 
the weigh bar, were taken, the intervals being reduced to 0*1 or 0’05 ton per 
square inch as the point of breakdown was approached. As the pressure was 
raised the extensions, both radial and axial, were almost exactly proportional 
to the increase in pressure. A period of at least 1 minute was allowed to elapse 



at each value of the pressure dunug which the extensometers were carefully 
observed for any sign of creep, or departure from the proportional increment 
m extension. The clastic limit was marked by a much larger increment m 
the radial strain than had previously occurred, or in a contraction, both being 
accompanied by a slow cn^ep.* 

* The contraction in diameter frequently obaervod is not due, as might be supposed, to 
an inoreaso in the axial strain, but to the initial localisation of the breakdown causing the 
external surface to become slightly elliptical. The effect has been discussed m detail 
elsewhere b> the author {loc. cti.). 
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In an investigation of this nature it is desirable to obtain as large a number of 
test results as possible, and for this purpose one or other of the following 
courses may 1 m‘ adopted . — 

(1) A considerable number of specimenh may lx* used, and a single t(‘st only 
carried out on each specimen Where a large amount of machining is 
required, as m the present case, this method is expensive, and there is 
also the possibility of variations in properties from spei imeii to specimen 
due to variations iii composition. It is, however, probably the best 
nn‘thod, and was employed for the tests of the 0*35 per cent. C steel, 
but It was not possible, owing to the cost, to use a large number of 
specimens. 

(2) By immediately relieving the pressure on the first sign of elastic break- 
flown tlie amount of overstrained material would be small and probably 
lof'absed m a small Hn*a. A second test would produce breakdown at 
another point, and in this way the same specimen could be used for a 
number of tests with different amount m of axial stress This method 
was employed for the 0-21 pci cent 0 steel It is not altogether free 
from objection, but repeat tests under the same conditions show that 
the effects of pn^vious tests are inapfirecmble 

(3) The specimens may be renornialised or re-annealed after each test. 
This method was, howev(‘r, not used owing to the possibility of 
structural changes following the process when repeated many times. 

Fig 6 shows the character of the stress strain diagrams. The onbnates 
represent the internal pressure, while the abscissa) represent, to an arbitrary 
scale, the radial extension The whole of the diagrams for the tests with 
0*35 per cent. C steel are shown, but for reasons of space the senes for one 
specimen only (No. \) of the 0-21 per cent (J steel is given 

The numerical resultwS an* contained in Tables IV and V. The radial and 
tangential principal stresses arc obtained from tlic second and f bird of equations 

(4), while the axial principal stress is given by the equation 



where is the externally applied axial stress as measured by the weigJi bar. 
In order more readily to see the effect of variations in the intermediate principal 
stress, the tests are tabulated m order of increasing axial stress. The 
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Table IV. — Tests on 0*35 per cent. C Steel Cylmdotf* 

Elastic Limit and Yield-point in Simple Tension,/ =27-9 tons perscjuare inch. 
Ratio, external to internal diameter, 2 * 1 


Speci- 

I’rmcipal streeses at 
elastic limit 

Equivalent unl-axial 
stress for same value of 



men 

No, 

Axial 

Tangential 

(^'») 

Radial 

(i**) 

Maximum 

shear 

stress 

(A). 

Maximum 

shear 

stram 

energy 

(A) 

a;/ 

A// 

1 

tons/aq. in 
4 00 

toiiH/aq lu 
19*90 

tonn/Hq. in. 
-11 95 

tons/sq, in. 
31 85 

tons/sq. m. 
27 60 

1 140 

0 090 

8 

4 40 

19*30 

-a 60 

30-90 

26*75 

1*106 

0*060 

2 

8 90 

19 60 

-11 70 

31*20 

27*45 

1*116 

0 982 

9 

14 05 

19 40 

-11*65 

31 05 

28 76 

lUO 

1*030 

4 

17*80 

19 30 

-11-60 

30*90 

30*10 

1 106 

1*076 

7 

19 00 1 

19*00 I 

-11 40 

30 40 , 

30*40 

1 090 

1*090 

3 

20*20 1 

18*33 

-U 00 1 

31 20 

30 30 

1 115 

1*085 

5 i 

24*06 1 

12*00 

- 7 20 1 

1 31*25 

27*30 

1 120 

0*975 

0 1 

27 95 ' 

0 1 

1 0 

1 27*95 1 

27 95 

— 

— 

Mean 

Maximum variation (per cent ) 

Mean vanaUon from mean (per cent.) 



M12 
i *'5 

1 1*0 

1 023 

13 0 

4*6 
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Table V. — Tests on 0*21 per cent. C Steel Cylinders. 

Elastic Limit and Yield-point in Simple Tension,/ = 21 -(i tons per square mch. 


Ratio, external to internal diameter, 2 : 1 




Pnnoipal atreoBea at 
elastio limit. 

Equivalent um axial 
atreea for aame value of 



Spool- 

men 

No. 

Teat 

No. 

Axial 

<pi) 

Tangential 

(p»). 

Radial 

(P*) 

Maximum 

shear 

stress 

(L) 

Maximum 

shear 

strain 

energy 

(L) 

A/ 

/.'/ 

1 

(1) 

(4) 

(6) 

(3) 

(2) 

(«) 

tona/sq.m. 

3 26 

3 70 

7 70 

13 40 

15 05 

16 06 

tons/aq. in. 
14-60 

14 60 

14 50 

14 50 
14-00 

14 00 

iona/sq in 
-8 75 
-8-75 
-8 70 
-8 70 
-8 40 
-8 40 

tons/sq iti. 
23 35 

23 35 
23-20 
23-20 

23 45 

24 45 

tous^sq in. 
20 20 ] 

20 20 ! 

20 65 

22 70 1 

22 96 ' 

23 50 

1 080 

1 080 

1 076 

1 076 
1-087 

1 132 

0 935 
0 936 

0 966 

1 052 

1 063 
1-089 


(1) 

3 60 

14 65 

-8 80 

23-45 

20 30 

1 087 

0 940 


(0) 

3-70 

14-60 

-8-76 

23 35 

20 20 I 

1 080 

0-936 

2 

(3) 

10 36 

14 50 

-8 70 

23 20 

21 40 

1 076 

0 090 


(4) 

13-86 

14-15 

-8 50 

22 66 

22 60 ; 

1 050 

1 042 


(2) 

14 60 

13 05 

-8‘20 

22 80 

22 40 ; 

I 

1 067 

1-037 


(1) 

3 40 

14 65 

-8 80 

23 45 

20 36 i 

1 087 

0 942 


(4) 

12 00 

14 65 

-8 80 

23 45 

22 25 1 

1 087 

1 030 

3 

(2) 

14-40 

14 00 

-8 40 

22-80 

22 60 1 

1 067 

1 1 047 


(3) 

14-65 

14 30 

-8 60 

23-2.5 

23 00 I 

1 078 

1 066 


(8) 

16-60 

13 40 

-8 05 

24 66 

1 23 26 1 

1 140 

1077 


(6) 

3-66 

14 66 

! -8 80 i 

23 45 

20 36 ! 

1 087 

0 942 


(7) 

3-96 

14 76 

1 -8 85 

23 60 

; 20 46 

1 092 

0-948 


(2) 

4-56 

14 60 

-^8 75 

23 35 

20 30 ! 

1 080 

0 940 

A 

(3) 

7 05 

14 40 

-8 66 

23 05 

! 20 40 1 

1 069 

0 946 


(4) 

10 10 

14 15 

-8 50 

22 06 

20 90 1 

1 050 

0 968 


(5) 

13 06 

14 15 

-8 60 

22 65 

22 10 1 

1 050 

1 023 


(8) 

14 25 

14 16 

, -H.50 ! 

1 22-76 

; 22 70 1 

1 054 

1 061 


(1) 1 

14 65 

13 85 

, -8 30 

1 1 

22-85 

1 

1 22-50 

1 060 

1 1 041 


1 

3-00 

14 50 

1 8 70 j 

1 23 20 

i 20 10 

1 075 

0 930 


(2) 

9 05 

14 40 

, -8-66 ' 

23 05 

20 90 ' 

1 069 

0 968 

0 

(3) 

14 BO 

; 14 00 

1 -8 40 

23 20 

22 80 1 

1 075 

! 1 067 


(4) 

18 65 

1 10-20 

1 -6 10 

2i 75 

21 8() 

1 146 

j 1 010 

6 

(1) 

5-46 

! 14 »<l 

-8 70 

23-20 

' 20 20 

l 075 i 

0 93.5 

(2) 

21-80 

' 4 86 

-2 90 

24 70 

1 21 90 

1 143 

1 1-014 

Mean 

Maximum variation (per ceut.) 

Mean variation from mean (per cent.) 




1 082 I 
8 9 

1 6 

0 907 
|16 9 

1 6-0 


eqmvalent uni-axial stress, that is, the value of / calculated from the tabu- 
lated values of the principal stresses by means of equations (1) and (3), and 
the ratios of this to the stress at the elastic limit observed iii the simple 
tensile test, are given m the last four columns. 
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The results are also shown ftraphieally in fig. 7. The ratio A: being constant 
throughout the present senes makes it possible to represent them on a two- 
dimensional diagram m which the internal pressure is plotted against the total 
axial stress. On the same diagram are plotted, by means of broken lines. 



7 . 

— -- CkniHtant shear strain energy "I equaJ to value observtMl at tensile yield 

— . — Constant shear stress J point. 

— - ( 'onstant shear stress, equal to mean of observed values 

the theoretual relations according to the two hypothefles, based upon the 
observed value of th<* tensile elastic limit ; that is to say, the lines aro made to 
pass through the point on the axis of representing tliat stress. Th(‘se 
lines arc part of the intersection of the surfaces corresponding to equations 
(1) and (3) with the plane 

p, -f-p, (k^ + ^ 1) ^ 0 

The full line in each case is drawn for a constant value of the shear stress equal 
to the mean value observed in the tests. 
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The mean value of the ratio given in the last column in Tables IV and 
V 18 much closer to unity than that obtained from the figures m the previous 
column, which might suggest that failure under tri-axial stress is better 
correlated witli that m simple tension on the basis of the hypothesis of con- 
stant shear strain energy rather than on that of constant shear st ress. But 
it may be observed that the individual variations in value of the ratio from 
test to test is much less for the shear stress hypothesis than for the shear strain 
energy hypothesis, and it will be noticed that m the value of the latter 
ratio there is a progressive variation which is absent from the former If we 
exclude those cases m which the axial stress is appreciably greater than the 
tangential principal stniss, the shear stress figures will be seen to be in still 
closer agreement , and since, vmder these conditions, the axial stress is the 
intermediate primapal strt'ss, the conclusion appears to be un.i voids ble that 
it is without appreciabh' effect upon the conditions under which the elastic 
limit IS first rc'ached in these materials 

It IS mtorestirig to note that the average value of the maximum shear stress 
observed in the pn'simt tests on the 0-21 pei cent 0 steel, namely 117 tons 
per aquan' inch, is in close agreement with the values 11*9 tons per square 
meh and 12*1 tons per square inch pri‘viously obtained with the same material 
in torsion and flexuie respectively 

The evidence therefore favours the view tJiat as regards the initial elastic 
breakdown m mild steel, the maximum shear stress is the critical factor , that 
the (lucst hypothesis is true to the extent that, (or the same kind of stress 
distribution, the values of the principal stresses at the elastic limit, are such as 
to give a constant value of the maximum shear stress But, furthei, in tJiis 
material the critical value of the shear stress depends on the character of the 
stress distribution, so that the results obtained from the ordinary tensih* test, 
in which the stress distribution is uniform, are not strictly comparable with 
systems of combmt‘d stress where, as is gtmerally the case, tht* distribution is 
not uniform. 

Surntnary 

The paper describes an investigation carried out to determine the relation 
holding between the principal stresses at the elastic limit in ct rtain ductile 
materials when exposed to stresses in three dimensions, and to examine the 
applicability of the hypotheses of constant maximum shear stress (Guest), 
constant total strain energy (Haigh), and constant energy of shear strain 
(von Miaes-Hencky). 
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An observation by Bridgman, suspecting an eSect upon the elastic limit 
under distortmg stresses by the superposition of high hydrostatic pressure, 
was examined by exposing an annealed iron wire to torsional stress (a) at 
atmosphenc pressure, and (6) under hydrostatic pressure of 21*5 tons per 
square inch. No lowering of the elastic limit was observed, a result which 
suggests that the Haigh h5rpothe8i8 does not hold. 

To discriminate between the two remammg hypotheses, tests were carried 
out on thick-walled cylinders of mild steel, exposed to combinations of internal 
pressure and axial tensile stress. It is shown that variations in the axial 
stress, provided that it remains the intermediate principal stress, have a 
nogbgiblc effect on the internal pressure required to cause initial failure at the 
internal surface ; and theretore for the same kind of stress distribution the 
values of the principal 8tre8S(‘s at the elastic limit are such as to give a 
constant value of the maximum shear stress. 

The author desires to express his indebtedness to Dr. W H. Hatfield and 
Messrs, Thos Firth & Sons, who very kindly prepared and supplied the mild 
steel used in the tests, and to the Qoveriuncnt Grant Committee of the Royal 
Society for a grant to defray th(» cost of machining the specimens. The 
experimental work was carried out m the Engineering Laboratories of King’s 
College, London. 
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Intensity Distrihulions m Molecidar Spectra : The Swan System {C%). 

By R. C. Johnson, M A , D Sc , Hnd N. R. Tawde, B.A., M.Sc., University of 

London, King's College 

(CoramunK ated by E V Appleton, E.R.S — Received April 28, 1032 ) 

1 Introduction 

The problem of obtaining ac( urate measurements of the relative intensities 
of spectral lines or bands when those cover a considerable wavo-](*ngth range 
IS one of the most difficult in I'xperimeiital spectroscopy. These difficulties 
have bi'en enumerated by many writers, c y , in a recent paper by Read and 
L W. Johnson,* and it is not proposed to entiT into a detailed discussion here. 
The problem is much simpler whim a small spectral range only is being investi- 
gated, such as, for example, the fine stnictur* of an individual band or the 
intensity within a lint* multiplet, and a large amoimt of experimental work has 
been done within these limits The desirability of quantitative data on 
intensity distributions within band systems is apparent from the theoretical 
work of Condon| published in 1926, explaining the general characteristics of 
such distributions. The casi's to whieh Condon s theory has been applied by 
way of illustration have been almost all nakcd-(iyo estimates of band mtimsities 
on an arbitrary scale (0-10) An exception to tlua is the a-systera of BO on 
which ElliotJ has made accurate measurements In the present paper we have 
made preliminary observations on the well-known “ Swan ’* system of the C 2 
molecule. This system has the advantage, from an experimental standpoint, 
of Ijnng wholly within the visible region of the spectrum, and, further, that its 
intensity distribution is characteristic of a large* class of band systems, and that 
it can be produced under a variety of experimental conditions. 

2. ExpenrnefUal Methods, 

The Swan system has been produced and studied from five sources, differmg 
widely both m temperature and in electrical conditions ; the cone of the Bunsen 
flame, the cone of the Oxy-coal gas flame, the Carbon arc in hydrogen, the 
discharge tube contammg a trace of carbon impurity m the presence of 30 mm. 

♦ ‘ Phil. Mag.,’ vol. 11, p. 1152 (1931). 

t ‘ Phya. Rev.,* vol. 28, p. 1182 (1926) ; vol. 32, p. 868 (1928). 

} “ The Optical Determination of the Relative Abundance of Isotopea,” Utrecht, 1930. 
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presHure of argon, and the condensed spark under glycerine, A Hilger glass 
pnsm constant deviation spectrograph was used for photography. Ilford 
Rapid ftocess Panchromatic plates were used through the work, and with due 
precautions in the matter of exposure and development were found wlien 
photometered to give an exceptionally clear and uniform background with 
very little “ grain effect.” Two plates were taken of each source, one exposed 
a longer time for the benefit of the famter bands, the other one a shorter tune 
for the sake of accuracy in m(*asurmg the strongest bands Correlation of the 
two plates was made by measuring a number of bands of intermediate intensity 
on both plates On each plate a set of seven strips of continuous spectra was 
pliotographed adjac-iuit to the band system, for the purpose of d(*tcrmining the 
Blackening-Intensity curves of the plate at any desired wave-length. For 
this purpose a step-sht* having seven steps of widths 2 26 ram , I *511 mm., 
1 *05 mm ,0*74 mm., 0-48 mm ,0*26 mm , and 0*13 mm , was mounted in the 
collimator tube m place of the normal long sht. The step slit was illuminated 
by a special 12- volt gas-filled tungsten .spiral-filaraeiit lamp, supplied by a 
battery of large capacity It was placed about I metre distant and accurat<*ly 
m Ime with the collimator, no lens being used This lamp had been pn*viously 
calibrated by means of a tliermopile, Paschen galvanometer and (juartz mono- 
chromator, so that its Ea X relation was known The dispersion curve 
dXjdm X of the glass prism spectrograph having previously been obtained, 
an ExdX: X curve was coustiucted appropriate to the standard lamp when 
used in conjunction with this particular spectrograph The value of the light 
eneigy falling on a given interval of the plate at any desired wave-length was 
therefore known on a relatively (correct scale. It was proportional to 
(slit width w) X Ea^^* Refl(*ction and absorption losses in the spectrograph 
do not produce any error in the final results sinct» these are the same for both 
the calibrntion spectra and the band system itself. 

MuTophotometer records were obtained of the band system and of the 
calibration spectra opposite each band head. Plotting optical density 
logjo («o/0 calibration spectra (deduced from the microphotometor record) 
against light intensity (known as explained above), the intensity corre- 
sponding to the optical density of the band could be read. With this procedure 
it was necessary to construct a separate Blackenmg-Intensity (iurve for each 
[)and head, and though laborious, it was found to be essential on account of 
the rapidly varying sensitivity of the plate with wave-length 


• ‘ PhiL Mag.,’ vol. ll, p. 1152 (1931). 
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A Recond method of intciuaity determination was also examined, vis., the 
neutral wedge method developed by Merton and Nicholson.*^ In this case the 
wedge spectrum of the band system and also of the standard lamp were photo- 
graphed on the same plate. After development and fixing of the plate it was 
“ cut ” with potassium ferncyanide solution to give sharp end points. The 
heights “ A ’’ of the band heads and of the correspondmg |)oints of the wedge 
spectrum of the lamp were measured on a micrometer, and from these, 
using the customary formula, oc antilog (dji/m)^ the photographic 
intensities of both may be calculated, d is the optical density gradient of 
the wedge and is a function of X. Its determination is discussed later, m is 
the magnification of the lens system of the spectrograph and is also a function 
of X. (It IK determined by the simple procedure of photographing a line 
spectrum through a collimator slit of known length and measuring the lengths 
of the lines.) The “ photographic intensities of the bands of a system differ 
from true relative intensities on account of the varymg sensitivity of photo- 
graphic plate With wave-length. The correr ting factor by which the “ photo- 
graphic ’’ intensity of each band is then multiplied is ‘ . The 

(Ipto of lamp)* 

bands are thus brought to a relatively correct scale. 

For purposes of comparison the (0, 0) band of the system was flailed 100 and 
the other bands calculated accordingly 

We may here antnupate the discussion of these two methods so far as to say 
that we consider that with certain precautions the first method is the more 
accurate 

3, Peak Intensity and True Band Intensity. 

Ideally the intensity of a band should be determined by a summation of the 
intensities of the fim^ structure components, which presupposes complete 
resolution of the band on an instrument of high nwlvmg power. For a 
complete band system the intensities of many thousands of lines would need 
to be measured, certainly in many cases an almost impossible procedure. A 
fairly accurate estimate may probably be made by comparing the intensities 
of corresponding fine structure lines in different bands. Since, however, the 
rotational energy distribution is dependent on the moment of mertia — ^which 
varies slowly with vibrational quantum number — this cannot be absolutely 
accurate Another method used by Elliot, although very laborious, is 
applicable to unresolved bands in cases where the overlappmg is not excessive. 

* ‘ Phil. Traiw.,’ vol. 217, p. 237 (1917). 

2 Q 


VOL. CXXXVII.— A. 
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The microphotomoter record is enlarged, and the optical densities of a large 
number of points on the contour are calculated. The intensities corresponding 
to these are read from the Blackening-Intensity curves, and, finally, a new 
contour can be constructed of which the ordinates represent intensities. An 
integration of the area under this contour should now give a quantity pro- 
portional to the “ weight of the band. 

The point of maximum intensity in an unresolved band is in many cases 
fairly close to the head. This “ peak ” intensity is experimentally easy to 
determine, although from a theoretical standpoint it is doubtful how far it 
may be taken as proportional to the band intensity. If the moment of inertia 
of the molecular varies but little with vibrational quantum number, then the 
band head will occur in every case at nearly the same j -value, and the peak 
value will probably be approximately proportional to band “ weight.” In 
the present communication we have dealt entirely with peak intensities and — 
at least to a first approximation — we behove that results of some value have 
been obtained. 


4. Discussion of the Mtcrophotomelric Method. 

In fig. 1 is represented diagrammatically the intensity distribution in the 
Swan sjratem as deduced by eye-estimates from a spectrogram of the blue cone 

Mcasutvd , I III 

IJ. 1-1 i. . l-.l LLi 1.1 L-i I 


^11 I 

i I I I — 1 - 1 » LLI 1 I 1 l- J t-LJ 

0/2^4^ 0/2 /2:}4J 2^4 

/2^'%4y6 OJ3 0/3Ci4 Of 3 

Fio. 1. — ^E 3 ro ostimateB and measured intensity values of the Swan system photographed 

from a Bunsen flame. 

of the Bunsen flame and by microphotometnc measurement of the same plate. 
A personal element necessarily enters into the former, but it is apparent how 
very considerable is the range of error in eye estimations of photographed 
spectra. If visual observations are made directly on the spectrum, then apart 
from variations in the intensity of the source there will bo physiological factors 
leading to error, and their magnitude is difficult to assess. Confimng ourselves 
therefore to eye-estimates of spectrograms the errors arise from two sources : 
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(1) the nature of the characteristic Blackening-Intensity relation of the photo- 
graphic plate ; (2) the variation of this relation — and therefore of the so- 
called “ sensitivity ** — ^with wave-length. These factors are well known to all 
workers in this field, but for the sake of clarity in subsequent discussion it would 
seem desirable to preswmt them m a httle more detail. 

Blackm%ifi^‘Intensity Rdattons. — By blackeiung (B), or optical density of 
the photographic image, we mean log^o (iqA)* where % is the light transmitted 
through the image, corres£>onding to {q incident upon it. In fig. 2 we have 
constructed the characteristic curves for four different wave-lengths deduced. 



Fio, 2 — Charactensiio Blackening -Intensity values 

of course, from the same plate. A notable feature of each curve is that the 
approach to the origin is for a considerable distance almost parallel to the I- 
axis. This IS especially pronounced at the less refrangible end. There are 
three practical consequences of this. Firstly, eyc-ebtiraat(‘s of spectrograms, 
which take cognisance of blackening only, and merely infer intensity, will in 
this region considerably under-estimate the intensity values, mdeod many 
lines of considerable strength will not be observed at all. Secondly, the effect 
of a very slight chemical fog of varying amount m different parts of the plate 
will give rise to considerable error, and thirdly, eye estimates of bands or lines 
superposed on other band structure, or continuous spec'trum, will also bo in 
error. This latter effect is particularly applicable to band sequences where all 
heads succeeding the first one are superposed on the fine structure of preceding 
bands. The method of allowing for this in microphotometnc work is explained 
by fig. 3. In each case the optical density of the structure work immediately 
preceding a head was measured, and from this the correspondmg intensity was 
determined ; the difference between this and the intensity of the succeeding 


2 Q 2 
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head was taken as the true intensity of the latter. Where the peak value 
was not located at the head, the microphotometer curve of the preceding 
structure work was extrapolated to deduce the intensity value directly under 
the peak. This procedure is not the same as taking the difference of the 
optical densities of the peak and the background and reading the equivalent 



Fig. 3. 


value from the characteristic curve. It can be shown that these procedures 
are identical only over the linear part of the curve Thus let I = /(B), say, 
and let Ij and Ij be intensities corresponding to two successive peaks, and Ij' 
the intensity produced by the structure work of the first band on which the 
second head is superposed. Then 

Ii=/(Bi) -/(JogioM. 

H' 

We have 

If /(B) = hb then this is equal to 

/(log,o-^)=/(B,-B,'). 

We have seen that the flatness of the cbaracteristic curve m its approach to 
the origm is liable to be a source of error in intensity determmation. It is 
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therofore auggeated that in all miciophotometric work preliminary experunenta 
should be made to determine the degree of fogging necessary to bring the 
plate into a condition represented by the Imear part of the characteristic 
curve, and that such fogging should precede exposure to the spectrum. 

Another point of practical importance follows from the departure from 
linearity m the region of large density values. Such curves as those of fig 2 
above a donaity of 1*2-1 -5 begin to flatten out and ultimately approach a 
constant value of B. One would expect this, in that complete photochemical 
change of the emulsion obviously provides a maximum limit to the blackening. 
As a result of thia,ey(‘ estimates of the intensities of strong bands will tend to 
be too low. 

Plate SensUimty Varialton , — It is easy to construct curves which show how 
the light intensity, in arbitrary units, required to produce a given optical 
density vanes with wave-length. The curves show that there is a pronounced 
peak of relatively poor sensitivity in the green region, also that above X5700 
m the yellow region, the sensitivity gradually falls oil This variation is, of 
course, not eonsidored in eye estimates. 

5. Discumon of Oie Neutral Wedge Method, 

The neutral wedge method of Merton and Nicholson has the merit of extreme 
simplicity in principle The characteristic curves of the [ilate and the use of 
a microphotometer are not involved. It is, Iiowever, necessary to give the 
plates special treatment after development in order to define more clearly the 
end points of the lines or bands photographed This may b** done by making 
successive contact prints on other plates till the n*quired degree of contrast is 
obtained, or by careful “ cutting ” of the plate with potassium femcyanide 
solution. This process remove.s a certain optical density from the background 
and from the line contour, but as the wedge sptx’trum of the standard lamp 
receives the same treatment it can be shown* that within reasonable limits 
no appreciable error should arise. To “ cut ** a wedge spectrum to the 
necessary extent it is in practice necessary to give a tim<* of exposure many 
times as great as that which would be required for an ordinary spectrogram, 
A further shglit disadvantage is the increase in length at the base of each hue 
due to halation or irradiation. This has to be allowed for in measuring the 
lengths of the lines and with some experience it can usually be done fairly 
accurately. A point arising out of the wedge method seems to have escaped 


• ‘ Phil. Mag ; vol. 2, p. m (1926) 
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notice hitherto and will be explained in reference to fig. 4. The clear glass 
wedge is for convenience omitted and only the neutral glass wedge is repre- 
sented. It is of length L and angle a. A Ime of intensity 
I is reduced by the thickness x of absorbing material to 
the small critical value which mil just produce appre- 
ciable blackening of the plate. The corresponding line 
of height h on the plate corresponds to a length A/m of 
the neutral wedge if m is the magnification of the lens 
system of the spectrograph. If we assume the absorp- 
j tion at the thin end is not zero, but a definite small 
quantity, then the “ ideal ” wedge may be regarded as 
of length L + I, say. 

We then have 

T T -fc, T + 

therefore 



Fto. 4. 


0*434 A tana (l 


If Da is the optical density of the thick end of the wedge 
0*434 k(L + l) tan a = Da 
0*434 A; tan a = dA, 


or 


where dx is the optical density gradient of the wedge. Hence 


logic = + 

I = 1, 10“* . antilog . 


Now dx is a function of wave-length, and thus if the value of I can be deter- 
xmned it should be possible to assess the variable factor IO’^a. in practice the 
factor If 10^*^^ should cause no difficulty in that it will be the same for both the 
band system under investigation and the standard lamp spectrum. As the 
ratio of these is involved in calculating the true intensities of the bands the 
factor is eliminated. 

We have attempted to use the wedge method for the Swan system as pro- 
duced in the five sources mentioned, but we do not use these data in this 
paper, being disposed to place greater confidence in those obtained by use of 
the microphotometer. 



IrdensUy Bktfihutiom in Molecular Spectra. 


083 


6, Potential Energy Functiona of the C 2 Mdeoule — TraneUton PrcbcM/UieH- 

Ib the papers by Condon to which reference has been made, it has been shown 
that if we write the nuclear potential energy as a power series 

U(r) = Ua (r - + tij (r - r^f + {r - + ... 

the coefficients Mj, Wg, etc , may be evaluated for both initial and final 
electronic statics from the constants of vibrational and fine structure analysis. 
Shea* has derived tliese coefficients from the known data of the Swan system. 
In a paper by Morsef a function is suggested which expresses the nuclear 
potential energy remarkably well over a wide range : 


U (f) - A + D - 2D 


Here D is the energy of dissociation and is given approximately by 
A IS a constant and a 0*2454 V (jl bcnng the reduced mass of the 
molecule. The Swan band origms are given by 

V =:= 19300-18 + [1792*77 (</ + J) - 19*35 (v' + i)»] 

^ [1641*55 (t)" + i) -- 11 *67 {v" + i)»], 

from which we have derived the constants of the Morse formula for both 
electronic states. 

A' 61 71 7 D' = 41525 o' = 2 * 643 (V = 1 • 266) 

A" =- 5&545 D" = 67727 o" = 2*053 (V' = I -311) 

The functions are plotted to scale in fig 5, and the vibrational energy levels 
are marked. By Condon s graphical method we have derived the parabola 
which represents maximum probability of transition. This is superposed m 
its correct position upon the data of figs. 6 to 10 which give the transition 
probabilities derived from expenment. It should be remembered that the 
graphical derivation of the parabola is sensitive to small changes m the con- 
stants of the formula, and, making reasonable allowance for this, the agreement 
may be considered satisfactory. 


• ‘ Phys, Bev.; vol. 30, p. 826 (1927). 
t ‘ Phys. Rev.,’ vol. 34, p. 67 (1929). 
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7. Experimental Data, 

In Tables I to V the experimental data of intensities are given. These are 
on a relatively correct scale taking the band as 100. Now the intensity 
of a transition is proportional to (where v is the resulting frequency), to the 



Fio. 6. — Soale diagram U (r) ; r for the imtial and final states of the Swan system. 

number of molecules in the initial state, and to the probability of transition. 
Bach intensity has therefore been divided by a number proportional to v* 
(the wave-numbers of the band origins were taken),* and these values are 
given in the tables below the intensities. The sum of such values of (l/v*) for 
each V** progression is placed adjacent to the corresponding value of v' and is 

* ‘ PhU. Trans./ voL 226, p. 180 (1927), 
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v'^O t 2 3 4 S 6 7 6 

o'! 

^4-25 23 

22, 29 2S\26 



Table I. — Values of I and I/v^ Cone of Buoseii Flame. 


Weight. 

v' 

0 

i 

1. 

2 

3 

4. 

5 

ft. 

7. 

130 4 

0 

100 

71 

29 4 

29 5 

20 4 

29 <( 






73 2 

1 

31 q 

16 u 

31 0 

21 4 

17 2 

10 7 

13 6 

19 1 

10 4 

9 8 



1 


30 8 

2 

1 9 

0 7 

20 7 

10 2 

3 0 

2 0 

0 0 

8 1 , 




27 9 

3 


3 4 1 

1 2 

1 1 

18 5 

9 0 

0 ft 

0-4 i 

11 9 , 

5 7 

S 0 

7 3 

7 7 

10 0 



15 3 

4 



4 0 

1 4 

i 

2 4 

2 2 

4 8 

6 0 


7 7 

5 




ft .!• 

3 1 


1 5 

1 3 

2 7 

3 3 

1 7 

6 



1 



2 5* 

1 2 


0-6 

0-6 


* ValuM oalaulated by extrapolation. The aum wafl observed erperimeatally. 
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Fio. 7. — ^Transition probabilities. Swan bands — Oxy*ooal gas flame. 


Table 11. — ^Values of I and (I/v*). Cone of Oxy-Coal Gas Flame. 


Weight. 

V* N. 

0 . 

1. 

2 

3 

4. 

6 . 

6. 

7 

14« 3 

1 

0 

1 

100 

71 0 

38 6 

38*7 i 

24 2 

36-6 






85 6 

1 

46 6 

22 0 

24 8 

171 

21-7 

211 

17 6 

24'5 





47 3 

2 

1 









34 6 

^ 1 


4 1 

1 6 

23 6 

11 4 


101 

9-2 

9-6 

12-6 



19 9 

4 



2 3 

U 6 

16*1 

7 2 


4 7 

4 2 

61 

7-7 


0 0 

5 





9 6* 

4 5 


2-4 

2-1 

2 0 

2'4 

3-5 

6 






5*6* j 

2-6 


1 1 

0-9 

1-3 

7 







2-8« 

1-8 



* Values calculated by extrapolation. The $um was obseired experimentally. 
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Fig. 8. — ^TranutioD probabilitiep. Swan bands— Carbon arc m H,, 


Table III. — Values of I and 1/v^. Carbon Arc in Hydrogen. 


Weight. 

v” 

v' 

0. 

1 

2. 

3 

4 

5 

6. 

116 7 

0 

100 

71-0 

25 3 

25 4 

13 2 

19 3 


i 

1 

1 

1 


81 3 

1 








60 5 

2 

4 1 

1 6 

30 2 

14 9 1 

4 9 

3 3 

10 1 

9 6 

15 8 

21*3 



30 4 

3 


6 4 

2 3 

25 5 

12 4 


8 1 

7 4 

6-4 

8 3 


15'9 

4 



10-3 

3 7 

16 7 

8 0 


3 3 

2 9 

1 0 

1-3 

6-7 

6 





10 0* 

4 7 


1 1 

1 0 

2 4 

6 






5* 

2 4 


0-6 

7 



1 

! 




1* 

0 5 


* Values oaloulated by extrapolation. Tbe eum was observed experimentally. 
























Valuei oftlouUted by eztnpoUtion. The eum was obsemd experimentaily. 
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Fig. 10. — ^TranHition probabilities. Spark under Glycerine. 


Table V. — ^Values of I and (1/v^) CondenHcd Spark in Glycerme. 



* Values calculated by extrapolation. The sum was observed experimentally. 
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proportional to the number of molecules m the initial state (v'), or, as we may 
say briefly, to the weight of this state. By taking the quotient of the (I/v^) 
value of a band and the weight of the initial state we have a number proportional 
to the transition probability. These probabilities are given in figs. 6 to 10. 
In view of all the inherent difficulties of spectro-photometry the data of Tables 
I to V may be in considerable error, perhaps withm limits of 26 per cent., but 
this represents a considerable advance upon the available data based on eye- 
estimates which may be m error by several hundred per cent. In the absence 
of several repetitions of the same work one therefore hesitates to draw con- 
clusions, but tentatively it may be suggested that experimental conditions of 
excitation seem to have an influence on the distribution of probability. We 
note, for example, the unusually strong probabilities in the 2 J sequence in 
the argon tube, and in the I i sequence in the spark under glycerine. 


8. The VihrcUional Energy Dtstnbulion, Effective Temperatures. 

The first column of Tables I to V gives on an arbitrary scale the numbers of 
molecules m the various initial vibrational states. Assuming that it is a 
distribution m thermal equilibrium at temperature T we should expect 
N,. = so that 

l>c [«', («' + i) - (t;' f m = KT log, ^ . 

and here 

1792-77 (v' + J) - 19-35 (v' + J)* = 1 - 6083 T log„ . 

By plotting vibrational energy agamst log (Ny/N^. 4 .j) we obtain the absolute 
temperature directly. We have thus derived the following temperatures : 
Bunsen flame 4700°, oxy-coal gas flame 4700°, carbon arc m hydrogen 6000°, 
and spark in glycerme 6100°. These clearly bear no relation to the true 
temperature of the source and are evidence that there is no statistical equilibrium 
of the excited molecules with their surroundings imdor any of the exciting 
conditions. This may be connected with the fact that the C 2 molecule is 
produced in every case by the breakdown of another more complex molecule — 
probably m every case a hydrocarbon molecule — and the energy changes of 
these processes are quite obscure. When these processes are known precisely 
the above effective temperatures may prove to be a consequence of the energy 
equations of the dissociative processes. The vibrational distribution in Table 
IV is of an unusual character, and, if genuine, it would seem that it cannot be 
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explained on the classical statistics. In this field of work, however, a great 
deal of experimental data on other band systems is desirable before definite 
conclusions can be drawn. 

We should like, m conclusion, to thank Professor A. Fowler for permission 
to use the microphotometcr of the Imperial College, and also Mr. Simmonds 
for help and advice m this connection. 

Sumimry. 

(1) The sources of error arising in photographic spectro-photometry over 
wide spectral ranges are summarised, and it is generally shown to be desirable 
to fog the plate on to the linear part of the characteristic curve. 

(2) The neutral wedge method is discussed The efiert of appreciable 
absorption at the thin end of the wedge is shown to be eliminated by the 
usual procedure. 

(3) Peak mtensities of the Swan system have been measured from cabbrated 
photographs of the spectrum produced under five different conditions of 
excitation. 

(4) The vibrational transition probabilities are derived from these data 
and compared with the Condon “ parabola ’’ of maximum probability. The 
latter was derived by use of Morse’s formula. 

(6) Study of the experimental data of the populations of the various initial 
vibrational states has shown that under none of the conditions studied is 
thermal eqmhbrium approached. Certain effective ” temperatures are 
derived and discussed. 
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The Motion of a Point-Charge as the Shortest Paih in a Moving 

Mediwn.^ 

By H. F. Bigos, Demonstrator in Physics, Oxford University. 
(Communicated by E A. Milne, P.R.S. — Received May 3, 1932.) 

§ 1. The Fermat Principle in a Moving Medium^ and its Application to Electro- 
dynamics. 

The motion of a charge in an electromagnetic field can be descnbed by a 
rather suggestive model. Put roughly, the world-line for a particle of charge e 
and mass m may be descnbed as a four-dimensional shortest path " relative 

to a medium whose velocity (varying from point to point) is A, whore A 

nur 

is the four-dimensional electromagnetic potential, whose components are a«, 
Oy, i<l > ; (a,, Oy, a,) lieing the three-dimensional vector potential and if> 
the scalar potential. 

The analogy with a “ ray of sound may make the meaning clearer ; in a 
wind that varies from point to point, sound actually travels from one fixed 
point to another by the path of shortest time. Some details of the analogy 
are : — 


Path of sound. 

Path of charged particle. 

Ordinary time, / 

Proper lime, or interval, s 

Constant velocity of soimd. 

Constant four-dimensional “ velocity ” of 
particle, of magnitude i and components 
dxjdsy iyidsy dzjdsy icdzjdsy where 
ds^ = — dx^ — dy^ — dz* c%*. 

Co-ordinates of sound-pulse, 

Co-ordinates of particle, y, z, ict. 


Let us first imagine an n-dimensional (n — 3 or 4 m our applications) 
euclidean space with an independent time t and suppose, fiUmg this space, a 

* 1 find that there is a strong resemblance between the ideas hero set forth and those of 
London (**Eine quantenmeohanisohe Deutung der Theorie von Weyl/' *Z. Physik/ 

vol. 42, p. 376 (1927) ). 
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medium with velocity V ; that is to say, if a particle of the medium has 
co-ordinates relative to some fixed axes, dxjdx = Va. Suppose now that 
something identifiable, which we shall call a disturbance, travels through the 
medium with a constant velocity c relative to the medium (in the case of sound 
of course o is the ordinary velocity of sound, in the eloctiomagaetic case, as 
hitherto, the fundamental velocity). Then in a time dr, if the disturbance 
has travelled from (ajj, ajj, ...) to {x^ + dx^, + dx^j ...) or, as we shall write 
it, from (xa) to (x^ + dx^), the displacement relative to the medium will be 
(d^) = (djcx — VxdT). 

But wc may now put dx = dsje where ds is the displacement rdaiive to the 
medium, such that ds^ = Sd5x*j and we have then 

A 

V 

d^x = d^A ^ ds = dxA — i?A d$, 

c 

where v — (va) = V/c is the ratio of the velocity of the medium to that of the 
disturbance, or the value of the velocity of the medium when the unit of t is 
so chosen that c ~ 1. 

We have therefore 

— [dxj, — Va ds)\ (1) 

X 

Now let us develop the equation for the shortest path relative to the medium, 
which by Fermat's piinciple gives the actual path in the ease of sound, namely 

8 J ds — 0 or J Sds = 0. 

the end-points of the integral being taken as fixed Equation (1) then gives 
2ds 8 ds — JS S (dxA — ds)* 

= ds, 

so that 

i \ 8 ^(^-vjds = 0. 

* J ds 

Developing this in the usual way (as for instance in Eddington, “ The 
Mathematical Theory of JBelativity,” p. CO) we find 

( 2 ) 

where we omit the £ by the usual summation convention. 


2 R 


VOL. CXXXVII.— A. 
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But for the first integral we have 


which becomes on integrating by parts, since Sxj^ = 0 at the limits, 

In evaluating the second integral of (2) we have 


so that the term gives 


Svj, = Bz^p^ , 
cx^ 




which becomes on interchanging dummy sufiixes X and [i 




Addmg ( 3 ) and ( 4 ), we then have 




whence we deduce, since the Sx^ are arbitrary, 


dv^ (dx 


d$ dXi,\d8 


— ^ dVf^ idx^ ^ 


dx^ ds dxx \ ds ^1 

But, gomg back to electrodynamics, we may write for the four-dimensional 
force-vector K actmg on a pomt-charge e, in our present notation, 

= ( 6 ) 

c 

where Ki, j.a is the ordinary force, Fjj, 31,12 = H and F14, ,4, 34 = — lE^ 
and the first three components of u give the velocity of the charge in the 
ordinary sense. 
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We now replace K* and by tho true (special) relativity vector components. 
Smce 



K, 

II 

(X = 

1. 2, 3), 

(7) 

approximately, we write 






2 


1. 2, 3, 4), 

(8) 

where 

IS the resting mass. 




Also 








c 

da ’ 


(9) 

while 








Tji dA^ 

dx, 


(10) 


Substituting, therefore, from (8), (9) and (10) m (6), we find for the four- 
dimensional equation of motion of a point-charge 

ds Sxa/ ^ 

This 18 equivalent to the terms of the first order in in (5) if we put* 


Va = 



( 12 ) 


To verify that equation (8) ia the correct form according to the classical 
relativity theory, and that we are justified in generalising from (7) to (8), we 
consider the electrostatic case where the ojjly component of A is A4 = 

Wo then have, putting X = 1 and |x = 4 only, for i -► 0 


where 

or 


(Fx 

c^dF(l - p*) 


€ %cdt 

wi0C® c dt a/I “^P® 



p2 ==: (rfz® + dy^ + dz^)jc^dF 


mp 

^/l - p»efa* 


-=eE., 


thus checking with the well-known relativity expression for the transverse 
mass, 

m ~ 


* It Ahould be noticed here that the medium ” moves like a four-dimensional inoom* 
pieasible liquid, since the four-dimensional divergence of A, and therefore of v, U lero. 


2 R 2 
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The analogy expounded above is perhaps only a curiosity. Certainly there 
can be nothing very like an absolute velocity representing the vector A, since 
electrons and protons react to a given A not only to vastly different extents 
but in opposite directions. 

We must here make clear exactly what is supposed given, and what is 
determmed by the minimum principle m the two cases. For sound we suppose 
the end-points given only in space ; the minimum principle then determines 
the trajectory of the waves, includmg, of course, the initial direction, and 
when this is found, the length of the trajectory gives to a first approximation 
the time taken by the sound. In the electromagnetic case, the end-pomts are 
given in space and time The trajectory is then given by the mmimum principle, 
both as to space and time, i e., the four co-ordinates are given as functions of 
a single vanable*** s, the proper time, or the interval measured along the trajectory ; 
the imtial four-dimensional direction gives the initial velocity in the ordinary 

sense ; and finally we get the proper time along the whole path, J ds^ analogous 

to the time m the sound case. This mterval, or proper time, between the end- 
pomts is not, of course, equal to the interval in the usual sense given by 
== cV — AB^, except in the case of a straight trajectory, i e , for zero field, 
for a neutral particle or a particle of infinite mass. It is, in fact, proportional 
to the action, and this whole treatment has points of resemblance with 
Schrodinger’sf paper on the Hamiltonian principle of mmimum action. 

The analogy to the fixing of the initial direction of the sound-path is the fixing 
not only of the spatial direction but also of the magnitude of the particle’s 
velocity. For instance, if A and B are two points m a plane S normal to a 
given umform magnetic field H, an electron may be made to travel from A to 
B in any given time-interval t, the velocity and direction of aim bemg com- 
pletely determined. The path is a circle in the plane S, whose centre is 

eUt 

the point where AB subtends the angle cot = — . This determmes geo- 
^ me 

metrically the mitial direction, and also the radius r, which in turn determines 

the velocity rw 

* Since, as we see in the next section, wo must take the absolute magnitude of the four- 
dimensional velocity to be unaltered by the field, an element of four-dimensional trajectory 
wiU have the same value as the corresponding ds, the displacement relative to the medium 
as dealt with above. It does not seem worth while, therefore, to use a different symbol 
such as ds' for the element of trajectory, though the meaning of ds u here rather different 
from what it was before, 
t * Ann. Phyaik,’ voL 79, p. 361 (1926). 
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§ 2 . Dxscussim of the Tmn of the Second Order m the Velocity of the Medium 

in ( 6 ). 

The last term m (5) for the case of sound seems to have no counterpart in 
the electrical case This term may be written us grad v®/2 and is the accelera- 
tion of the air in the case of steady flow. In the electrical case it would give 
a term in the ordinary acjceleration equal to — Je® grad (^*)/(wV) cm,/sec.* 
smce V 4 = e/(wc®) but it would seem to bo too matenalistic a view of the 
medium to suppose that it had an acceleration which it imparted to the particle. 
Besides, the value of this term depends on the zero of potential, which hitherto 
has been considered as placed at infinity only by arbitrary choice. Moreover, 
the effect of this term could hardly have escaped notice since in actual experi- 
ments on electronic deflection it is of the same order as the relativity correction. 
It is true that determinations of ejm for the electron shows a discrepancy,* 
Wolf’sj* accurate deflection method givmg a value half a per cent, higher than 
the spectroscopic method. But Wolf’s observation chamber was earthed, so 
that if the earth is at zero potential, the effect of the term in question would 
have been an increased velocity and therefore too small a value for ejm when 
the velocity is calculated in the usual wa}'. Thus the term is of the wrong sign 
to account for the discrepancy. The effect of tlu* extra term on the deter- 
mination of ejm from the comparison of the Kydberg constants of H and He'^ 
cancels out in the working, and the effect on the Zeeman shift would obviously 
be zero. 

If then we regard (11), or (5) without the last term, as the true equation, the 
acceleration will always bo normal to the velocity, smce w< have for the scalar 
product 

ds rf.s* * cjr^ dh ds * 

which will vanish identically. Thus the velocity will still be of constant 
magnitude and the field can change only its direction. 

§ 3. Simple Deduction of Curvature of Path for Two-dimensional Motion, 

The first-order terms of (5) which are perhaps the only true terms in the 
electrical case, and give a very close approximation in the case of sound, may 
be given a very easy geometrical interpretation, which we shall follow out for 

• R. T. Birge, * Phys. Rev.,* vol. 33, p. 266 (1629). 
t ‘ Aim. PhysiJi,’ vol. 83, p. 884 (1927). 
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the simplest case of a sound-wave. Suppose there is a wind blowing hori- 
zontally in a fixed direction, but with constant velocity-gradient upwards. 
Let sound be travelling directly down the wind and therefore in a vertical 
plane. Then if the x and y axes are taken tangential and normal to the path 
at any point P, the curvature of the path is by (5) given by the single term 

ds^ \dx dy I ds * 


omittmg the second order terms in (5) as negligible, by hypqthesis, or, smce 


ds — dx 


p dx dy 


I curl V I 



const., 


(13) 


where X and Y are horizontal and vertical directions. 

The quasi-geometncal reason for this is as follows If an arc of length 8 
and curvature 1/p is given a constant displacement dn normal to itself along 
almost its whole length, while its ends are kept fixed, the increase of length is 
8 dft/p (as familiar in the theory of the bent beam) or 

I f rfs = SA/p, (U) 


where SA is the area swept out. But when s is the actual path, this excess of 
length IS balanced by the greater drift down the wind along the displaced 

path. For the increase of drift will be | v . ds' —*1 v . ds or (|) v . ds 
round the area, or, by Stokes’s theorem 

|curlv|SA. (16) 

Remembering that the units have been appropriately chosen, we may equate 
(14) and (16), thus finding (13). 


§ 4. Larmor Precession and Spin Energy, 

In the case considered (curl v = const.), the path of sound is a circle, in 
close analogy with the circular path of a charge travellmg m a plane normal 
to a uniform magnetic field. The angular velocity of the sound-pulse or the 
charge respectively m its circular path is equal to the curl of the velocity of 
the medium, or twice the local angular velocity of the medium itself. Thus in 
ordinary units, electrodynamics gives for the angular velocity co of the charge 

z= w<o*f in magnitude. 



Motion of a Point-Charge. 


599 


where u is the velocity of the charge in centimetres per second, or 

X H 

therefore 


= — mu X 


« — — — H — — — curl A, 
me me 

= c curl V 

I 

where v is the velocity of the medium given by (12). 
Half of this, or 


is the angular velocity of the Larmor precession, and we then have 

o ^ curl v, 

where the right-hand side is, by elementary hydrodynamics, the local angular 
velocity of the medium The faijtor c only appears because o and v are referred 
to different units of time. Thus the plane of a prccessmg orbit is, as it were, 
carried roimd by the medium. 

Again, the energy of a spimiing electron or proton when oriented parallel 
or antiparallel to a field H, has its counterpart m the model. For the magnetic 
moment is 

= i -L. 

^ 27c 2mo ' 


where m is the mass of the electron or the proton, so that the energy in the 
field IS 


(xH = A ^ H = ^ = Av, 
' ^ 2n 2mc 27c 


where v is the frequency of rotation of the medium correspondmg to the local 
angular velocity o. It must, of course, be borne in mind that the velocity and 
angular velocity of the medium depend on the mass of the particle we are 
considering. 

The accelerated motion of a charge down an electric field can, of course, also 
be considered as a path in which the direction of motion ” is changing at a 
uniform rate ; for if we regard a uniform ordinary velocity as an angular 
disjihcement of the four-dimensional velocity from the time-axis, a uniform 
acceleration will give a constant angular velocity, in the same sense, but since 
these components of angular velocity are imaginary (mathematically), there 
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are no corresponding frequencies, and therefore no energy of orientation in the 
electric field. It is therefore not necessary to suppose, as had been suggested 
from considerations of relativity symmetry,* that an electron possesses an 
electric moment as well as a magnetic moment. 

§ 6, Connection wxlh the de Broglie Waves. 

The analogy we have traced, of course, suggests that the physical basis for 
the principle of the minimum path may be the same m the two cases, and 
therefore invites us to connect the path of a charge with wave-mechanics. 
First we must get clearer what is the exact analogy with the velocity of the 
sound-waves. Though the treatment at first sight seems to imply that the 
fundamental four-dimensional velocity is that of the waves at whose pomt 
of reinforcement the particle exists, a more consistent picture is got by 
imagining that the “ waves ” are stationary m the field-free case (not standing 
waves in the usual sense, but a configuration fixed in space-time), and that any 
particle or any pomt of three-dimensional space of necessity moves through 
this world across the wave-gnd with the fundamental velocity Thus the 
de Broglie frequency v = for a stationary particle is regarded as the 

frequency with which a point, stationary in space, but necessarily movmg 
through time ” with the same velocity as the particle, crosses the “ lines 
(really three-dimensional contmua) of the gnd. If we have a system of space- 
axes (x\ y\ z*) relative to which the particle is moving slowly in the ordmary 
sense, i.c., a space-time system in which the world-lme of the particle is mclined 
at a small angle to the time-axis, the wave-gnd is still normal to the world- 
line of the particle, and hence the space x'y'z' in which the particle lies, i.c., 
the plane space t*(p) = t'(particle), crosses the grid at a small angle, and, moving 
across it with the same fundamental velocity in a slightly different direction, 
cuts any given crest of the grid in a ^o-dunensional locus which has a gr&U 
velocity inversely proportional to the angle of intersection and therefore to 
the velocity of the particle. That is, the phase velocity is tt — o*/v in ordinary 
umts. To treat this velocity u as a true velocity of propagation is to follow a 
false analogy ; it is more closely analogous to the great velocity with which 
a wave-crest on water is seen to run along a wall inclmed at a small angle to 
the wave-front. The fact of having an apparent velocity greater than that of 
light therefore does not seem to be a valid objection to the reality of the 
waves. 


* Frenkel, * Z. Physik,* vol. 37, p. 243 (1926) ; vol. 47, p. 736 (1928). 
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The tracing out of the path of a particle by Fermat’s pnnciple may now be 
described as follows. First, in a force-free region, the particle must travel 
through spacc-time with velocity of constant absolute magnitude. The 
direction of this velocity is what is determined by the Fermat principle. 

Given the direction at any moment, we construct the stationary wave-grid, 
ruling parallel, three-dimensional spaces at the interval 

A A A ^ ^ ^ 

As = cAt = -=10 = cm. 

V 

(the mterval is always time-like, though its unit is here the centimetre or light- 
centimetre). Havmg got this grid, we vary the conditions slightly by varying 
the mitial direction of motion and varying the grid at the same time, keeping 
it always normal to the varied direction. The locus of reinforcement of the 
gnd will then be the normal trajectory of the original grid, which in the force- 
free cose IS the straight lino in the origmal direction. 

In an electromagnetic field, the grid itself is to have a velocity — eA/m^c* 
and if this varies from point to point, the grid will be distorted, but the particle 
will still travel along the distorted line of reinforcement with constant velocity 
relative to the grid. 

§6. We can now proceed to find the differential equation for the wave- 
function, which has a remarkable resemblance to Dirac’s equation for the 
electron, but involves no symbols other than those denotmg ordinary four- 
dimensional vectors and scalars. 

For a syBtem of plane waves we write the wave-function 


where (a/2n is the frequency, n/27u the wave-number, n a vector normal to the 
waves, of magnitude n, p the position vector {x, y, z) and a . p the three- 
dimensional scalar product. But in a field-free region the frequency of the 
de Broglie waves is E/A and the wave-numb(*r is M/A where E and M are the 
energy (mc^) and momentum (mV) of the particle, so that u becomes 


The exponent can now be wntten 
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where the scalar product is four-dimensional in this last expression, and (i, 
o, are the four-dimcnsional vectors formed by supplementmg mV and p 
respectively by components imc, id m the time dimension. 

But fi 18 times the fundamental velocity-vector drawn m the direction 
of the particle's motion or world-line. We shall, as before, regard the latter as 
a unit vector and denote it by 8 so that we write 

= moC 9 . 

Thus 

9 

u = ae X 

The differential equation for w will then be 

grad M = — - um^ grad ( s , o) 

(four-dimensional grad) 

umxs, 

X 

For the case where there is a field, we shall keep i to mean the velocity of 
the particle, which we have found to remain of unit magnitude, but m the 
equation we must replace s by s — v, the velocity relative to the medium, 
where v is given by ( 12 ). 

We thus find 

grad w — = — -Wj/jsu 

X X 

or 

grad w H Au mx sm 

Xc Z 

or 

+--A,)m + ^»8« = 0, (16) 

X^ ' X 

where kx are the ordinary unit vectors m tlic four co-ordinate directions. For 
comparison we write down in similar notation Dirac's equation as made 
symmetrical by Sommerfeld (‘* Wave Mechanics,” ch. 2 , p. 10 , equation ( 6 ) ) : 

+ - -Aa)m4-^« = 0, 

X c ' X 

where a* are symbols which denote neither vectors nor scalars, but have rules 
of combination of their own. I have not, however, succeeded m connecting 
the angular momentum of spin with equation ( 16 ) as Dirac does with his. 
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In § 1 an analogy is traced between the equation of motion of a point-charge 
in the electromagnetic field and that of a sound-pulse in a medium moving with 
varying velocity, both being derived by the same development from similar 
Fermat principles. The (four-dimensional) ‘‘ velocity of the medium ” in the 
electromagnetic case is found to be where A is the well-known 

iour-dimensional electromagnetic potential. 

§ 2. This model, however, introduces a term grad (A*) mto the expression 
for the acceleration of e ; a discussion shows that this term probably has no 
physical meaning and must be omitted, 

§ 3. It is shown that for two-dimensioiial motion the curvature of the path 
can be deduced very simply from the Fermat principle. 

§ 4. It IS shown that the Larmor processional velocity is equal to the “ local 
angular velocity of the medium ” and that the energy of the spinning electron 
in a magnetic field is equal to h times the corresponding “ frequency of rotation 
of the medium " 

§ 5. The Fermat prmciple is explicitly connected with the de Broglie waves, 
these waves being considered stationary m space-time while any particle 
moves across them witli th(‘ fundamental velocity. 

§ 6. A differential equation is derived for the wave-function of a pomt-cliargc, 
analogous to Dirac’s diff(*rential equation but coritammg only vector and scalar 
quantities. 
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The Kinetics of Electrode Processes. Part I. — DepolatistUion Effects 
by Hydrogen and Oxygen at Platinum Electrodes. 

ByJ. A.V. Butler, D Sc., and G. Armstrong, B.Sc., University of Edinburgh. 

(Communicated by J. Kendall, P R S — Received May 9, 1932 ) 

Inirodiictton, 

Tafel in 1905* * * § observcnl that the hydrogen overvoltage could be expresst'd 
as a function of the current density by the equation ^ and that tho 

constant b was approximately equal to F/2RT, where R is the gas constant 
and F the electrochemical equivalent. Bowdenj has recently shown that tht 
dependence of the constant b on the temperature required by the relation 
6 = F/2RT holds for the liberation at the anode and cathode respectively 
of both oxygen and hydrogen. 

In a recent paper Gurney has examined the quantum mechanics of the 
transfer of electrons bctw(*en a metal and ions in the solution and has shown 
that a relation of this kind, with the observed factor, may arise from the con- 
ditions of this transfer I He gives as the necessary conditions for the transfer 
of electrons from the electrode to positive ions in the solution, or from negative 
ions to the electrode as E , > ® + V§, E_ <<P + V, respectively, where 
(t> is the thermionic work fimction of tlie metal and E+, the neutralisation 
potentials of the ions. In the extended form of the theory these arc defined 
B 4 = W 4 . — E„^I_ + W_ + R-, where I 4 ., I_ are the ionisa- 

tion potentials of the ions, Wj., W the hydration energies, and R^, R„ 
quantities representing the repulsive potential energy between the solvent 
and the ion at the instant after its neutralisation. By integratmg the prob- 
abilities of transfer between ions for which these conditions are satisfied he 

* ‘ Z. phya. Chem.,’ vol. 50, p. 641 (1006). 

t ‘ Proc. Roy. Soo.,’ A, vol. 126, p, 107 (1029) 

X ' Proc. Roy. Soc.,' A, vol. 134, p. 137 (1931). Earlier exprossions for tho rate of trana- 
for of eleotrons from a metal to 10 ns in solution were given by Butler, * Trans. Faraday Soo.,’ 
vol. 19, p. 734 (1924), and by Erdy-Griiz and Volmor, ‘ Z, phys. Chem.,' A, vol. 160, 
p. 203 (1930). These were, however, inoapable of giving the requited factor 2 in the 
expression 6 F/2RT ; in Gurney's theory this arises from a consideration of the forces 
between the neutralised ion and the solvent molecules. 

§ The sign of V used here is the reverse of Gomey’s. We shall throughout give V the 
sign of the potential of the electrode with respect to the solution. 
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obtains, on certain assumptions, the expression f where the 

positive (negative) sign applies to the discharge of negative (positive) ions. 

According to this calculation the rate of transfer of electrons from the electrode 
to hydrogen ions at the reversible potential Vq is i = When an 

electrode remains at the reversible potential without the passage of any 
current it is evidently necessary that there shall be some other process whereby 
electrons (or the equivalent charge) are transferred in the opposite direction 
at the same rate. This flow of electricity may come from (1) the iomsation of 
hydrogen molecules in the solution, (2) the ionisation of hydrogen adsorbed 
on the sittface of the electrode, (3) atomic hydrogen dissolved m the metal 
yielding positive hydrogen ions to the solution by the process H = H ^ (solution) 
+ e. Mechanisms of the reversible hydrogen potential could be constructed 
on the basis of cither of these processes, but that which is actually operative 
can only be discovered by an investigation of the energy relations underlying 
each or by experimental study of the conditions under which such processes 
take place. 

The condition for the transfer of an electron from molecular hydrogen m 
solution to the electrode, according to Gurney’s tht'ory, is O + V > I — W, 
where W is the negative potential energy of the ion instant of forma- 

tion. The first stage ionisation potential of the hydrogen molecule is 16*3 
volts, and W can hardly bo greater than 6 s-volts. It thus appears to be 
improbable that molecular hydrogen can give electrons to the metal when V 
is less than eg = + 4 volts. There is no information available as to the 
energy levels of adsorbed atoms and molecules. The considerable heats of 
adsorption observed by Taylor and others in cases of “ activated adsorption ” 
would probably imply a corresponding reduction in the ionisation potentials, 
which may enable Gurney’s condition to be satisfied at more negative values 
of V for substances adsorbed m this way. 

The experiments to be described were designed to elucidate the electromotive 
behaviour of hydrogen and oxygen at electrodes. Bowden* has recently 
investigated the anodic and cathodic polarisation of platinum electrodes m 
dilute sulphunc acid saturated with hydrogen and oxygen, using mainly current 
densities greater than 10 X 10“® amps./cm.*. It will be desirable to give at 
the outset a brief summary of his observations. 

Hydrogen Saturated Solutions . — If the current density is sufficiently large, 
on anodic polarisation the potential changes linearly with time from near the 


♦ * Pror. Etoy. Soo.,’ A, vol 125, p. 446 (1929). 
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reversible hydrogen potential to near the potential at which oicygen is liberated. 
The quantity of electricity required for this linear change is 3 X coulombs 
for electrodes having an actual area estimated at 3*3 cm.^ With electrodes 
which have been previously used, the potential may remain constant for a 
time at the reversible hydrogen potential before the linear change occurs. 
There is also a small kink in the linear part at Cg ^ + 0*62 volts. When the 
current is reversed after the anodic polarisation the potential rises linearly to 
Cn = + 0*62 volts, remains constant for a time at this value and then passes 
linearly to near the reversible hydrogen potential. The total quantity of 
electricity required for the two linear changes is also constant at 3 X 10“* 
coulombs. 

Oxygen Containing Solvtions . — The potential of a platinum electrode in 
oxygen saturated solutions is about e 0 = +O*87. After anodic polarisa- 
tion it returns, at open circuit, very slowly to this value and after cathodic 
polarisation it remains for a short time near the reversible hydrogen potential 
and then falls quickly to the same value. When the electrode is polarised 
anodicolly and the current is then reversed, the passage of about 1 X 10^* 
coulombs brings the potential to +0-62 volts, at which an arrest occurs 
similar to that in hydrogen saturated solutions. After a time the potential 
rises linearly to near the reversible hydrogen potential , about 2 X 10'® coulombs 
being required. 

Bowden regarded +0*87 volts as the potential of platinum oxide in solu- 
tions saturated with oxygen, and +0*62 volts as the potential of this oxide in 
solutions saturated with hydrogen (probably representing the reduction 
potential of the oxide to platinum and water). He suggested that the constant 
quantity of electricity, viz , 3 X 10'® coulombs, required for the linear changes 
of potential in the passage from the reversible hydrogen potential to that at 
which cxygen is evolved is a measure of the amount of electrolysis required 
to replace a mono-molecular layer of hydrogen at the electrode surface by 
one of oxygen. 

Expenmental Methods, 

Rapidly varying potential differences were recorded by moans of a Cambridge 
Emthoven string galvanometer, used in conjunction with a thermionic valve, 
as shown in fig. 1 . The movable contact C, which could be placed in either 
of the mercury caps A, B, enabled either the electromotive force of the experi- 
mental cell or known electromotive forces from the potentiometer P to be 
applied to the grid of the valve V. An Osram HL 210 valve was employed. 
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with a grid bias G of 3 volts and a plate voltage of 66 volts. The anode conent 
passed through the string S of the galvanometer which was heavily shunted 
by the resistance R. The movements of the strmg^ together with time marks 
at intervals of 0*04 second, produced by the Cambridge Instrument Company’s 
time-marker controlled by an electrically maintained tuning fork, were photo- 
graphed on strips of bromide paper in the paper camera of the same firm. This 
arrangement has the advantage that the sensitivity can be varied enormously 
by varying the shunt rc^sistanco R, and also, if necessary, the plate voltage 
and the grid bias G, and it is possible to obtain a high sensitivity without unduly 
increasing the period of vibration of the string. As normally used when the 
range of variation of the applied potential difEerence was about 2 volts, the 
sensitivity on the film was 2-3 mm. per 0-1 volt, and when the applied potential 


//r 



difference was suddenly changed from 0 to 1-7 volts the time required for the 
string to take its new position was less than 1/200 second. The displacement 
of the string does not vary exactly linearly with the potential difference. A 
calibration was therefore obtamed on the record durmg each experiment by 
connecting the movable contact C with the cup fi and tunung the voltage dial 
of the potentiometer. A series of steps were thus obtained on the record, 
corresponding to mtervals of 0 - 1 volt. The grid current of the valve with the 
gnd bias employed is of the order of 10~® amps , and is neghgible compared 
with the polansing currents. 

For the observation of slowly varying potential differences a Lindemann 
electrometer was used in conjunction with a potentiometer. With this 
arrangement potential differences could be determined with an error of about 
±0-002 volts. 

The experimental vessel is shown in fig. 2. The vessel B contains the elec- 
trodes which are to be experimented upon (only one, D, is shown in the diagram). 
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The tube C, which is connected with B by a bent tube, contains the auxiliary 
electrode E between which and the experimental electrode D the electrolysing 
current is passed. The solution is freed from oxygen and saturated with 
hydrogen m another vessel by alternately pumping out and filling with pure 
hydrogen. The electrode vessel and its connect mg tubes are carefully swept 
out with hydrogen, and the solution introduced through the tube Y by suction 
applied at the trap T or at V. S is a standard electrode by reference to which 

the potential difference of D is measured. 
Ciontact with this electrode is established 
by suckmg up the solution from the 
)i vessel B above the tap U and then run- 
J- ning the solution from the reservoir R 
' yr until it makes contact with it. A mer- 
curous sulphate electrode in normal 
sodium sulphate solution was usually em- 
ployed as the standard electrode. Its 
potential difference on the standard 
hydrogen scale is % = + 0*66 volts. 

The eloctrolysing current was obtained 
from a high-tension battery with suit- 
able resistances in series. The current 
was measured durmg or immediately 
after each experiment by determining by 
means of the potentiometer the fall of 
potential down a known resistance 
through which the current passed. It 
was found to be essential to have every part of the apparatus, and particularly 
everything connected with the high-tension battery, carefully insulated on 
sheets of glass supported by paraffin blocks. 

The Behamow of Platinum Electrodes in Dilute Sulphuric Acid. 

(1) Experiments with Platinum Electrodes in Hydrogen Saluraied Sdutions . — 
We have usually worked with current densities between 1 and 30 milliamperes/ 
cm.®, t.c., with somewhat smaller currents than those used by Bowden. The 
electrolyte was N/10 sulphuric acid, and the platinum electrodes employed 
had an apparent area of approximately 1 cm.®. Experiments on the quantity 
of electricity required to establish the hydrogen overvoltage, in solutions 


4^ 




(Or 

r 


'i*w, 


O' '' 

il 


L 

P 


a 




Fia. 2. — ^Eleotrode VmmI. 


c'") R 




009 


Kinetics of Electrode Processes, 

carefully freed from oxygon, showed that about 1*5 X 10* coulombs were 
required to raise the pot(‘ntial by lUO millivolts. The effective area, by 
comparison with Ridoal and Bowden’s valm‘* for mercury electrodes (6 X 10 
coulombs per cm.*), whioli we have confirmed, is about 2*6 cm.*. 

Some typical examples of the behaviour of the electrodes are shown in fig. 3. 
The various electrodes (‘mployed are distinguished by the letters D, F, etc. 



Fjo. .3 — Anodjc polanafttion of platinum elpctnKh*^ m hv<ln>gen naturated aolutionH. 


1)4 

1 95 .c lO '^amps. 

FI. 

3 7 

X 10® amps 

D5. 

11*4 X 10 •amps. 

] 

13 K 

' 10 -• ampH 

DIO 

bl. 

8 2 A 10"'’ ampfi 

0 006 X 10-’* nmpH, 

Ml. (» 37 

< 10“® ampt9 


The eh'Ci/fode D was a small piece ot platinum foil having both sides exposed 
to the solution and Uie elecd-rode F was coated wilh paraffin wax on one side, 
the side exposed measuring 1 cm.*. This el<»ctrode was phiet^d horizontally 
m the solution with its uncovered side downwards, fig 2 . In the experiments 
D 4 , D 5 , DiQ, Fi, Fg the eleotrodt* was first polarised negatively until the hydrogen 
overvoltage was established and the current was then reversed The curves 
D 4 and Fi were obtamed with electrodes which had never previously been 
anodically polarised, while Ds, D|q and Fg were obtained by similar subsequent 
polarisations of the same electrodes. 

The potential of the reversible hydrogen electrode m this solution is 
Cg = — 0*06 volts. After the preliminary cathodic polarisation, but before 
the anodic current was started, the potential of the electrode was usually 
between —0*2 and —0*3. On restarting the current, making the eleotiode 
the anode, the potential falls very rapidly, at a rate which agrees with the 

• ‘ Proo. Roy. Soc.,* A, vol. 120, p, 59 (1928). 
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figure given above for the establishment of the hydrogen overvoltage, to beUm 
the reversible hydrogen potent%al. The potential at which this rapid fall comes 
to an end is displaced more towards positive potentials the greater the current 
density, as can be seen from the values listed under A in Table I. 


Table I —Platinum m N/IO Sulphuric Acid Saturated with Hydrogen. 


Experiment 

("urrent (ampu ). 

A. 

1 B. 

1 


I 06 /V I0-* 

-fO U 

ca 0 5 


6 fl ^ 10-» 

fo 

— 


« 2 > >»-» 

+0 46 

-fO 35 

0. 

11 4 / 10 » 

-hO 38 

-fO 36 

»7 

13 0 X 10-* 

-fO 40 

+0 .3 


3« 0 X 10 » 

Ctf -f 0 66 

+0 2 


In the suWquent course of the curves five stages can bo distinguished which 
are developed to different extents — 

(a) A stage m which the potential remains nearly constant as in D^, D^, or 
falls linearly at a slow rate as with the wax-coated electrode m F^, F 2 . 
In Dio stage is very short. 

(P) This leads to a more rapid, almost linear, fall of potential from about 
+0-6 to 1-0 volts The amount of current required to produce this 
linear change (about 0*7 X 10^^ coulombs per volt) is approximately 
independent of the current density, increasing somewhat as the current 
density is increased. 

(y) Between +1 -O and +1*4 volts the rate of fall of the potential decn^ases 
again. The length of this slower stage is shorter the greater the current 
density. In an experiment with the current of 36 X 10~® amps, this 
stage was inconspicuous. 

(8) The rate of fall of the potential again increases giving once more an 
approximately linear slope, which is greater the greater the current 
density. 

(e) The rate of change then diminishes, and a constant value is finally 
reached at the potential at which oxygen is steadily evolved. 

For comparison with these curves and Mi show the anodic polarisation of 
electrodes which have not been given a preliminary cathodic polarisation. 
The initial potential is low, viz., about +0*5, owing to the presence of traces of 
oxygen. The potential falls quickly at first, and only stages (y), (8) and (s) 
appear. 
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In moat of these experiments the current was again reversed w'hen the 
electrode potential had reached a steady value, corresponding to the liberation 
of oxygon. During the momentary stoppage of the current the potential 
rises to about -f-1-6 volts. Its course on making the electrode the cathode 
again is shown for some typical cases in fig. 4 Except at the smallest current 



l^iG 4 — CJathodic polariBiition of oloctrodcs after previouH anodic polarisation 
1)4. 1 95 X 10 amps. D8 3*0 ^ 10"'* amps 

D5 11 4 10 ^ amps. K2 13 8 I0"‘ampfl. 

D9 No current 

density the potential rises extremely rapidly to about -1>1*6 and the curves 
show marked breaks at potentials between +0*2 and +0*5 volts. The 
position of this break also depends on the current density, being displaced 
further towards negative potentials the greater the current The position for 
different current densities is given under B in Table I. After this the potential 
rises almost linearly to somewhat above the reversible hydrogen potential 
and soon reaches a constant value It may be observed that at high current 
densities the potential rises initially a little higher than the position of the 
break and returns to a lower value. At low current densities a definite break 
is not observed, but is represented by a point of inflection in the curve. The 
curve Dq, which is plotted on a longer time scale, represents the natural recovery 
of the potential when no current is passed. Its slope is greatly dependent on 
the length and intensity of the previous anodic polarisation, and a more 
detailed study of it will be given at a later stage. The particular example 
shown was obtamed with electrode D, m an experiment in which the anodic 
current was stopped as soon as the potential had reached -f-2'0 volts. After 
longer anodic polarisation the initial rise of the potential is steeper and the 
break at about +0*86 more marked. 


2 s 2 
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In order to elucidate the effect of the current density on the position of tlio 
arrest the following experiment was carried out. An electrode was given 10 
seconds anodic polarisation with a current of 13*6 milliampeics, An equal 
current was then passed in the opposite direction for a time sufficiently long 
to take the potential on to the arrest, at about +0*43 volts, when it was 
stopped. The potential immediately fell to +0*85 and remained constant. 
On starting the current again, still cathodically, the potential rose to near the 
original value of the arrest. The same changes of potential were repeated on 
stopping and restarting the current again. It thus appears that the arrest 
observed on returning from positive to negative polarisations is due to a process 
which gives rise at zero current to a constant potential at about +0*85 volts. 
The positions observed during the passage of current, fig 4, must b(‘ regaided 
as displacements from tins position produced by the current 

The apparent potential of the arrest would be displaced towards tht‘ negative 
by the inclusion m the measured value of part of the fall of potential due to the 
passage of curnmt through the electrolyte Wc have (‘xamined the efft'ct of 
varying the position of the tip of the tube L with respec^t to the electrode D, 
fig. 2, but no sigmficant displac(‘ments of the potential, with the current 
densities used here, could bo obtained even when the tip of L was brought 
below the electrode. The alignment of the electrode was also without influence, 
for similar curves were obtamed with vertical electrodes having both sides 
exposed to the solution and horizontal electrodes having the upper side waxed. 

(2) Experiift^enis with Phitinum Electrodes in Oxyt^en Saturated Solutions — 
Platinum electrodes in M/10 sulphuric acid saturated with oxygen usually had 
a potential about +0*85 volts. On the first anodic polarisation the potential 
often falls comparatively slowly (curve I, fig. 5), but in subsequent anodic 
polarisations obtamed after the potential has risen at opc'ii circuit to about. 
-fl*2 volts, much steeper and concordant slopes are obtained (curve 11), 
When the current is reversed after the anodic polarisation, the potential rises 
at first linearly at the same rate (curve III). As a result of a number of con- 
cordant experiments with electrode D, we found that in these linear changes 
0*86 X 10“® coulombs were required to change the potential by 0*1 volt. 
If the effective area had not changed since the experiments m hydrogen con- 
taining solutions, it follows that 0*34 X 10'* coulombs per 0*1 volt are 
required for each square centimetre of accessible surface in the establishment 
of the oxygen overvoltage. This quantity is considerably smaller than that 
found by Bowden, namely, 3*8 X 10“* coulombs for an electrode having an 
estimated accessible area of 3*3 cm.*, or 1-1 X 10'* coulombs per cm.* of 
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accessible surface. The accessible area of the electrode does not appear to 
change during anodic polarisation, for the same value was obtained after a 
considerable amount of such treatment. 

When, after anodic polarisation, the current is reversed the potential rises 
at first Imearly at the rate given above and then more slowly, giving with the 
larger current densities a lengthy arrest bt‘tween 0*i and 0*45 (curves V, VI) 
The position of this arrest is somewhat displaced towards negative potentials 



Fig. 5. — Behaviour of platinum electrodes m oxygen saturated solutions (Electrode D.) 

Curve I. 4 3 X 10-^ amps. Curve VI 29 X 10-^ amps. 

Curves IT, III, IV 0 49 X 10 amps. Curve VII. Open circuit. 

Curve V. 4 3 X 10"^ amps Curve VlII. 4*3 X lO-s amps. 

the greater the current density. With large current densities there is a small 
maximum in the curve before the horizontal part is reached. After the arrest 
the potential begins to rise again and a nearly linear rise changes sharply to 
a constant value just above the reversible hydrogen potential. Curve VII 
shows the course of the potential when the current is now stopped. The length 
of the initial slow change to the vicinity of the reversible hydrogen potential is 
greatly dependent on the length of the previous cathodic polarisation, but the 
other two stages are approximately independent thereof. The potential 
finally reaches a value +0*83 close to the original value. 

When after a short cathodic polarisation the current is reversed the potential 
falls slowly and linearly to +0-3, rapidly to about +0*7 and finally approxi- 



614 


J. A. V. Butler and 6. Armstrong. 

mately linearly to between +1-0 and +2*0 according to the current density 
(curve Vlllf After a prolonged cathodic polarisation this curve is preceded by 
a very slow change from about —0-05 to +0*1, but the subsequent parts of 
the curve arc practically independent of the current density. 

When, after anodic polarisation, the electrode is made the cathode for a short 
time, so that the potential reaches a position on or near the arrest and the 
current is then reversed (curve IV, obtained immediately after curve III), the 
potential falls comparatively slowly, and similarly to the lower part of curve 
VIIL If the circuit is then opened and after the potential has risen to about 
+1 *2 the electrode is again made the anode a rapid and linear change like 
curve II IS again obtained. 

Discussion, 

When no transfer of electrons (or ions) occurs across the electrode boundary 
during the passage of a current, so that the whole of the current is employed 
in changmg the charge of the double layer, the change of the potential difEerence 
with time is given by the equation, 

wfo/dV - B, (1) 

where i is the current flowing to the electrode', and B, which may be called the 
capacity of the double layer, is the rate at which the charge of the double layer 
increases with the potential difference*. If i is given in amperes, t in seconds, 
and V in volts, B is the number of coulombs required for the increase of the 
potential differencie, per volt. It is reasonable to suppose that in the linear 
changes of potential observed in the establishment of the hydrogen overvoltages 
in the absence of oxygen, and in the establishment of the oxygen overvoltage 
after a previous anodic polarisation, curve III, fig. 5, the whole of the current is 
employed in changing the charge of the double! layer. The value of B for the 
electrodes used in this paper is then 1 • 5 X 10~^ between Ch = 0 and —0 • 5 and 
8*5 X 10 ® between Ch = + 1*5 and 2*0. We have no information as to its 
value for intermediate potentials, but there seems no reason to suppose that it 
does not lie between these two valuo.s. 

When, during the passage of current, the transfer of electrons (or ions) 
across the double layer occurs, we have 

B . dV/dt = i - %\ (2)* 

* In thefie equations anodic oorrentH must be regarded as positive and cathodic currents 
negative, and V given its proper sign as the potential of the electrode with respect to the 
solution. 
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where i' is the current employed in this transfer. We may call i the depolarisa- 
tion current. It follows that when dV/dt differs from I’/B, there must be a 
depolarisation current due to some process whereby thi* transfer of electrons 
(or ions) across the double layer can occur 
In the anodic curves shown in fip II the initial fall of {Mitcntial is in a{/reement 
with the equation dV/dt ?/B, and therefore is dui* to the decrease m the 
charge of the double layer, the depolarisation ( urrent being negligible In tht* 
other parts of the curves dV jdt is comparatively so small compared with i/B 
(giving B its larger value at the positive end) that the value of % must every- 
where approach that of i. 

We will consider first the general effect of an anodic depolariser. Suppose 
that th<* depolarisation process is tlui transfer of electrons from molecules of 
the de{>olariser in the solution to the electrode. If c is the effective con- 
centration of the depolarisiT at the electrode, the depolarisation current might 
be expected to be governed by an equation of the type 

t* z=z hce^^. (3) 

Consequently when an anodic current i is passed tlie potential will fall rapidly 
according to (2) until this term becomes comparable with and when i' := 
f/V jdt will be zero. An exponential exprc^ssion like (3) would give rise in (2) 
to a very sudden transition from a very rapid fall of potential to a constant 
value of V. Also, for equal concentrations of flu* depolariser, the greater the 
value of ^ the greater will be the value of V when the state dV /di = 0 is reached. 

Now if the concentration of the depolariser at the electrode diminishes as 
the current is continued through the depletion of the amount originally present, 
or if the depolariser is used up at the anode faster than it can diffuse up from 
the solution, the constant value of the potential camiot bo maintamed With 
the moderately large currents employed in these experiments, the fraction 
of the current which is used in producing the changes of potential is small, 
and the rate of change of the potential will be governed by the rate of change 
of c in (3), remaining practically equal to the current ^ 

We can now discuss the changes of potential in the typical anodu curve 
D4, fig. 3, for platinum in hydrogen saturated solutions. The potential first 
falls very rapidly according to (1) and at the point A the first depolarisation 
process is encountered. At this point the depolarisation current increases 
rapidly from approximately zero to a value approaching % and the rate of 
change of the potential becomes nearly zero. We have seen that the position 
of this point is lower the greater the current density, which is in accordance 
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with (3). As the concentration of the depolanser at the electrode surface 
decreases, the potential faUs off at first very slowly and then more quickly 
(stages a, p), until the second slow stage y is reached. This marks a second 
depolarisation process giving rise to the stages y, 8, which are similar to a, p. 
Finally the potential reaches values at which oxygen can be liberated and the 
final constant potential of the stage e is due to continuous depolarisation by 
the discharge of negative ions at the rate t' = t. 

It is not possible to identify with certainty the two depolarisation processes 
which occur, at these current densities, at about +0*4 and +1*2 volts. The 
discharge of negative ions, resulting in the liberation of oxygen, cannot 
occur continuously until the potential +1*66 is reached. At this potential 
according to Bowden’s* measurements, a current density of 10“^ amps. /cm.* 
iH possible for this process. The large depolarisation currents observed at 
higher potentials must arise from some other cause. The arrest a appears to 
be dependent on the amount and extent of the previous polarisation of the 
electrode. It appears after cathodic polarisation of electrodes which have 
never previously been anodically polansed and is apparently due to the hydrogen 
produced in the previous cathodic polarisation. 

Smee it is improbable that molecular hydrogen dissolved in the solution 
can give up electrons to the metal at these potentials, the depolarising action 
observed must be ascribed to hydrogen adsorbed at the surface or dissolved 
in the metal. 

The stage y appears in all the curves for hydrogen saturated solutions, being 
Icvss marked the greater the current density. It also appears in oxygen satu- 
rated solutions after cathodic polarisation, curve VIII, fig. 6, but that it cannot 
be due to hydrogen is shown by the fact that it also appears after a short 
cathodic polarisation in which the potential rises only to +0*9, at which 
hydrogen cannot have been liberated, curve IV. The remammg poHsibilitics 
are that it is due to (1) the passage into solution of platinum ions, (2) the dis- 
charge of negative ions. If we regard the second as more probable we have 
to enquire wliy, when negative ions can be discharged at a rate nearly equal to 
the current density at ey = + 1*0, it is necessary for the potential to fall 
to about +1*8 before their discharge ean continue at a steady rate. 

It may be suggested that the formation of an adsorbed layer of oxygen, 
held at the surface of the electrode by considerable forces, would require a 
smaller expenditure of energy, and therefore take place at a more negative 


• ‘ Proo. Roy. Soo.,’ A, vol. 126, p. 107 (1929). 
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potential than that required for the liberation of free oxygen in the solution. 
On this view the depolarisation observed in the stage y is due to the formation 
of an adsorbed layer of oxygen. As this becomes more complete the potential 
falls steadily, until when the steady state is reached we may suppose that the 
surface is completely covered and that the further production of oxygen is by 
the discharge of negative ions in the solution at a short distance from the 
electrode, by the process investigated by Gurney. 

On this view the difference of the anodic curves II and IV, fig. 5, is easily 
explained. When the potential is allowed to recover at open circuit after 
anodic polarisation the adsorbed layer of oxygen is not destroyed and when the 
electrode is made anodic again the eurient is employed entirely in changing the 
charge of the double layer, until the potential is reached at which oxygen can 
be discharged m the solution. But wc may suppose that m the cathodic 
polarisation, curve III, the oxygen layer is partly destroyed during the slow 
change between +0*8 and +0*6 and in the subsequent anodic polarisation, 
curve IV, it must be reformed before oxygen can be freely liberated. 

Turning now to the cathodic curves V, VI, fig. 5, showing the forced recovery 
from positive to negative potentials in oxygen saturated solutions, the initial 
rate of change of the potential is in accordance with the value of B given above.* 
At about +0*8 volts the effect of depolansation begins to be apparent, and 
after rising more slowly, at higher currents to a slight maximum, the potential 
remains nearly constant for u time. In this condition we must suppose that 
depolarisation occurs according to (2), i* being equal to ^ As the depolariser 
at the electrode becomes depleted the potential bc'gins to rise agum, and the 
slope of the curve menjases gradually from z(*ro to an approximately constant 
value. Finally depolarisation by the discharge of hydrogen ions can take 
place and the curve changes its direction sharply, becommg horizontal. It 
has been shown that the position of the intermediate arrest is displaced up- 
wards by increase of the current density, and at zero current is at about +0*86 
volts in both hydrogen and oxygen. 

On the hypothesis suggested above this potential must be regarded as that 
of platinum covered with an adsorbed layer of oxygen, and the cathodic arrest 
marks the destruction of this film owing to the transfer of electrons from the 
electrode to the oxygen atoms convertmg them into ions which are neutralised 
by the hydrogen ions present m the solution. Bowden (Zoc. ciL) has suggested 

* Sunilar curves are ako obtained with hydrogen satiuated sulutionB, iig. 4, but the 
initial rate of rise is greater. This is no doubt connected with the fact that the presence 
of hydrogen causes the potential to nse at open circuit fairly rapidly. 
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that a definite oxide. PtOj, is formed during anodic polarisation, wliich may, after 
long polarisation, be several molecules in depth. It is necessary to see if the 
observed lengths of the cathodic arrest can be reconciled with the hypothesis 
suggested above, or whether it is necessary to postulate the formation of such 
a layer of oxide. 

To this end we have made observations of the variation of the length of the 
cathodic arrest with the quantity of electricity passed during the previous 
anodic polarisation. In fig 6 the number of coulombs required for the cathodic 



Fig. 6. — Variation of length of the cathodic arrest with the amount of anodic polarisation. 

arrest is plotted against the number of coulombs passed during the anodic 
polansation, excluding the quantity required to change the potential to its 
steady value on the positive side. The curve A refers to oxygen saturated 
solutions and the curve B to hydrogen saturated solutions. The smaller 
values were obtained at a variety of current densities and are reasonably 
concordant ; the larger values with a current of 6 X 10“® amps,/cm.*. 

In oxygen saturated solutions the length of the arrest increases at first 
linearly with the amount of anodic polarisation, reaching a value of about 
60 X 10"* coulombs for an anodic polarisation of 200 X 10~* coulombs. 



Kinetics of Electrode Processes. 019 

After greater amounts of anodic polarisation the length of the arrest mcreases 
more slowly, reaching a value of 94 x 10-® coulombs after the passage of 
3700 X 10“* coulombs. This value is sufficient for the reduction of 280 X 10^® 
atoms of oxygen. Taking the true area of the platinum ns about 2*5 times 
the apparent area, it may be estimated that 4 '6 X 10^® atoms of oxygen would 
completely cover the surface if spaced one to each atom of platinum, or 
9 X 10^® jf two atoms of oxygen are attached to each platinum atom at the 
surface. It is evident that if the arrest is due to a film of oxide, the great(*Ht 
value must be ascribed to a film at least 30 molecules m thickness. Since 
there is no change in the appearance of the platinum, which remains perfectly 
bright (*ven after continued anodic polarisation, it is difficult to regard such an 
oxide film as a possibility 

On one occasion it was observed that when a stream of oxygen was bubbled 
through the solution during the experiment the length of the arrest was much 
reduced Some observations of the effect of stirring the solution were then 
made. It was found that whereas in an unstirred solution, after 40 seconds 
anodic polarisation with a curn*nt density of 5*2 X 10 ® amps., the length of 
the arrest was 12 seconds, when the solution was stirred by a rotating glass 
stirrer at 2, 4 and 8 revolutions per second, under the same conditions, the 
lengths of arrest were 1*8, 1*6 and 1-4 seconds respectively. When after an 
anodic polarisation of 40 seconds the <*l(Ttrodc was taken out of the solution, 
washed and replaced before being cathodically polarised the arrest was also 
reduced to about 1-2 seconds. It thus appears that the substance causing 
depolarisation is not firmly attached to the electrode, and can be removed to 
a large extent by even gentle stirring. It is perhaps significant that the 
amount remaining after washmg and replacmg in a fresh solution corresponds 
fairly closely with that expected for a single layer of oxygen atoms spaced one 
to each platinum. 

These facts are accounted for on the hypothesis that there is a single layer 
of adsorbed oxygen atoms at the surface, if it be supposed that as the oxygen 
atoms in this surface layer are reduced they are replaced from the solution. 
So long as this replacement can occur the potential remains nearly constant 
on the arrest, but when the supply of available oxygen is depleted the potential 
will begin to rise as the surface layer is destroyed. Since the molecular oxygen 
present in an oxygen saturated solution docs not appear to be very active m 
this way, it must be supposed that some part of the oxygen liberated in the 
anodic polarisation in an active, possibly monoatomic state. In order to test 
whether any such active form of oxygen could be detected we added potassium 
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iodide to the solution in the anode chamber immediately after electrol 3 rsis, 
but observed no liberation of iodine. However, very minute quantities would 
be sufficient to produce the observed effects. 

The curve for hydrogen saturated solutions is also linear for the smaller 
values, but its slope is only about one-fifth that of the oxygen curve. Even 
after long anodic polarisation the length of the arrest is much less than that 
observed under similar conditions in oxygen. This may be due to several 
causes ; (1) the depolarising action of the oxygen present in the oxygen satu- 
rated solutions may be added to that of the oxygen formed during the electro- 
lysis, (2) the oxygen formed during the electrolysis may diffuse away from the 
eIi‘ctrode more rapidly in hydrogen than in oxygen saturated solutions, (3) 
part of the oxygen liberated in the hydrogen saturated solutions may react 
with hydrogen, thus diminishing the quantity which can act as depolariser. 
It is possible that all three effects play a part in producing the observed result, 
but the effect of (1 ) is small, since the length of the arrest m oxygen saturated 
solutions with no previous anodic polarisation is about 2 X 10~® coulombs, 
and (2) should tend to disappear as the anodic polarisation is increased, so 
that it is probable that (3) is mainly responsible. In order to ascertain if 
hydrogen peroxide is formed in this reaction, we polarised an electrode anodi- 
cally m M/10 sulphuric acid saturated with hydrogen for 20 hours with a current 
of about 6 X 10^^ amps., but we were unable to detect any hydrogen peroxide 
in the solution. 

In view of the effect of hydrogen m reducing the length of the arrest, it is 
not surprising that when both electrodes between which the electrolysing 
current passes are m the same vessel, the length of the arrest is considerably 
reduced. That comparatively small quantities of hydrogen are effective m 
this way is shown by the fact that the arrest is appreciably shorter even after 
short polarisatioas, when only a small quantity of hjdrogen has been liberated 
in the solution. 

Some exponmonts have br*eu earned out on the anodic polarisation of a 
platinum electrode lu N sodium hydroxide solutions. The curves are similar 
in form to those obtained in sulphuric acid, but are displaced towards negative 
values by 0;7-0*8 volt. This displacement con'esponds to the difference 
between the reversible potentials of the oxygen and hydrogen electrodes in 
the two solutions, and shows that all the processes occurring in the course of 
the curves are governed by the pjj of the solution. 
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(1) A htudy lias been made of the anodic and cathodic polarisation of 
platinum electrodes in solutions saturated with hydrogen and with oxygen, 
using current densities mainly between 0-5 and 30 X 10~* amps. /cm*. The 
observed behaviour is interprt'ted on the basis of a theory of the effect of 
depolarisation processes on the rate of change of the potential. 

(2) On the anodic polarisation of electrodes, winch have previously been 
cathodically polarised m hydrogen saturated solutions, two depolarisation 
processes are observed at potentials more negative than that at which the 
steady liberation of oxygen oci-urs TIut are ascribed respectively to the 
electrolytic solution of adsorbed or dissolved hydrogen, and to the formation 
of a layer of adsorbed oxygen. On cathodic polarisation of an electrode which 
has previously been anodically polarised one such process is observed which 
marks the removal of the adsorbed layc*r of oxygim. 
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Investigations in the Infra-Red Rerjion of the Spectrum. Part VI. — 
The Absorption Spectra of the Dioxides of Chlorine and Sulphur. 

By C R. Baxley and A. B, D Cassxe, The Sir William Ramsay Laboratories 
of Inorganic and Physical Chemistry, University College, London, W.C. 

(Communicated by F. (t Donnan, F.R.S — ^Received May 11, 1932.) 

The infra-red spectrum of chlorine dioxide has not been previously deter- 
mined, although its photochemical properties and its electronic band spectrum 
have been the subject of recent extensive enquiry.* Prom the latter attempts 
have been made to interpret the band spectrum, and to assign values to the 
characteristic frequencies of tin* fundamental modes of vibration m the ground 
electronic state. It will be s(‘(*n from the following that the values so deduced 
ar(‘ incorrect, and it is probable that in no case of a polyatomic molecule is a 
complete determination of its fundamental frt^queneies possible without resort 
to its infra-red spectrum. 

ExpennmfUal. 

The method of preparation described by Goodeve and Stem (/oc c*i7.) was 
followed. The gas passed under water-pump vacuum to a trap immersed in 
a carbon dioxidc-acetone freezing mixture ; it was^ then distiUed through 
phosphoric oxide tubes and condensed in a second trap cooled by liquid air. 
This trap could be removed from the g<»nerating system by means of a glass 
seal and a spherical glass joint ; the ground joint was of universal pattern and 
the trap contaimng the dioxide could therefore be readily transported and 
connected to the absorption tube system. The latter was of as small capacity 
as possible, and no manometer was included, pressure m the absorption tube 
being regulated by immersing the dioxide trap m a freezing mixture of known 
temperature. The greatest pressure used during the investigation was the 
vapour pressure of the gas at 0° C., or approximately 630 mm. The length of 
the absorbing column of gas was m all cases 45 cm. ; the lubrication of taps 

♦Mayer, ‘Z. phys Chem,,’ vol 113, p 220 (1924); Ik>oth and Bowen, M. Chem. 
Soo.,' vol. 127, pp. 342, 510 (1925) ; Goodeve and Stem, * Trans. Faraday Soo.,' vol. 25, 
p. 738 (1929) , Nagai and Goodeve, ih%d , vol. 27, p 508 (1031) , Wallace and Goodeve, 
i&id., p. 048 ; Finkelnburg and Schiimaoher, ^ Z. phys. Chem.,* Bodenstem Festb., p. 704 
(1931), Urey, ‘ Ind, Eng. Chem.,* vol. 23, p. 1241 (1931); Urey and Johnston, ‘Phys. 
Rev.,* vol. 38, p. 2131 (1931). 
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and of jointa between the rocksalt end plates and the absorption tubes was 
efieoted by chlorinated vaseline. 

The monochromator method described m Part IV* of the present senes of 
investigations was used throughout without essential modification, and a 
pressure sufficient to give some 50 per cent, absorption was aimed at for detailed 
examination of any baud. The tubes wen^ painted a dead black, and no evidence 
of rapid decomposition was observed, the selective absorption of near infra- 
red radiation producing no appreciable decomposition of chlorine dioxide. 


TAe Observed Data. 

The results are summarised in Table I. The ndative. intensities are approxi- 
mate estimates for the slit width employed The last two columns give the 
suggested origm together with the calculated frequency v^. 


Table I. 



Band centre 





Band. 



Maxima. 

P-H 

acparatiuii 

Relative 

intensity. 

Sht 

width. 



Cm 

cm 

tm 


cm 

B 

10 57 

946 

932 

1095 

31 

i 

20 

5 

C 

1 

e 017 

i 

1109 

1106 

1 1123 

1870 

“ 1 

1 ' 

i 50 

' i 

7 

£ 

6 307 

1884 

1884 1 
1900 

j 30 

1 

1 

10 

F i 

4916 

1 

2034 

— 

i - 

! d 

1 

1 

lo 


I ftlpulated. 


1892 

Vi I ^3 ! 2055 


There is much evidence (Goode ve and Stein, Grey and Johnston (foe. ciL ) ) 
from the electronic band spectrum that the third fundamental vibrational 
frequency associated with the ground state is approximately 527 A 

search was made for this band without success , the failure to detect the band 
was, as the result of other experiences m the neighbourhood of iy-22 (jl, 
attributed to the existence of scattered radiation of shorter wave-length which 
could not be excluded from the themopiles. Conversion of the apparatus 
into a double manochromator confirmed this suspicion, since beyond 18 p, 
no galvanometer deflection was observed when the radiation traversed the 


• ‘ Proo. Roy. Soc./ A, vol. 132, p. 252 (1931). 
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empty tube. With the apparatus as at present constructed 19 appears to 
be the approximate long wave limit for experimentation, even with the aylvine 
prism ; all residual radiation appears to be absorbed by the rocksalt plates of 
the absorption tubes and thermopiles. The stops inserted in the absorption 
tubes during the measurements on CSg and COS* were not used during the 
present work ; their position was found to be difficult to adjust, and they were 
omitted since stray radiation (;ausing galvanometer deflections on changing 
over from the empty to the full tube had been otherwise eliminated. Clearly 
they elimmate much of the shorter wave-length radiation emitted by the 
Nernst filament and scattered within the spectrometer, for with them in 
position we were able to detect the COS band at 18*96 ; even this proceduro 

IS not entirely satisfactory, howevtir, since this band should show a Q branch 
which was not observed. We have consequently suspended investigation in 
the r(*gioii 18 to 20 [x until sonu» more satisfactory method had been developed. 

The preliminary double monochromator was built up from monochromators 
of two types : the first employed the chromatic foci method first used in the 
long wave region by Rubens and Wood ; the second was the prism spectro- 
meter monochromator previously described Fig. 1 indicates the arrangement 
of tlie first tyjH» , it was of an experimental nature and could almost certainly 



be imjiroved upon, the only leases available being of rocksalt, and of somewhat 
small focal aperture. N is the Nernst filament, a stainless steel mirror, 
L the lenses, S the spectrometer slit, and A is a stop just larger than the visible 
image of the filament which appears insides the focus S for radiation of wave- 
length 19 [1 Ml was inserted to provide as large a solid angle of radiation 
falling on S as possible. The ratio of the distances LS : LA is equal to the 
ratio of (fi — 1) for 0*6 |x to (fx — - 1) for 19 ; this is surprisingly large, 

LS/LA being approximately 1 * 6. The stop A, which is placed nearer to S than 
the visible focus, cuts out most of the shorter wave-length radiation. Lenses 


• Part IV, loe. ciL 
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and plates of sylvine or potassium bromide would be required for the region 
beyond 18 (Jl, but the method might be used with advantage for shorter wave* 
lengths where scattered radiation of still shorter wave-length must falsify 
lesultB to some degree. 

The Individual Bands, 

Band B (the bands are lettered to correspond with those previously deter- 
mined for sulphur dioxide in Part II)* — 10 '67 V 3 = 946 cm."^ (fig. 2). 
This fundamental was investigated with the rocksalt prism and a slit width 
containing 5 cm.*^ ; resolution into P and R branches was achieved with a 



separation of 30-31 om.”^. No difficulty was experienced in the repeated 
detection of the band or in the determination of the shape of the contour of the 
envelope ; those remarks apply equally well to the fundamental band C, and 
it follows that absorption of radiation through these fundamental modes of 
vibration produces zero or negligible decomposition of the molecule. The 
intensities and positions of the two bands confirm their choice as fundamentals ; 
the corresponding frequencies selected by Urey and Johnston (ioc. cU,) from 
the ultra-violet spectrum were 727 and 858 cm.~^, and, for a molecule of this 
weight and probable force constants, obviously too low. 

Band C. — 9-017 p, Vj = 1109 cm."^ fig. 3. The rocksalt prism was used 
with a slit width enclosing 6-7 cm.'*^. It is by far the most intense band 
observed, and the shape of its envelope has alwa}rs indicated the presence of a 

• * Proo. Roy. Soo.,* A, vol. 130, p. 144 (1030). 
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Q branch, although no complete separation of the three branches was possible ; 
the P-B separation is again 30 

Band E.— 6'307 (ji, 2 V 3 = 1884 cmr^ With the fluorite prism, the slit 
width employed included some 10 It is the first harmonic of band B ; 

as will be seen from the discussion below, the presence or absence of a Q branch 
is of groat importance in fixing the structure of the chlorine dioxide molecule, 
and many attempts were made to obtain definite evidence on this point. The 
resolution required is just within the theoretical limit of the instrument, and 



the shape of the contours observed when this condition holds must be accepted 
with caution. On the whole, the expenmental evidence favours the existence 
of a Q branch, and wo shall assume this to be the case. At a pressure of 
approximately 630 mm , 45 era. of CIO 3 absorbed approximately 60 per cent, 
of the incidout radiation. 

Band F. — 4*916 (i, + Vg = 2034 cm."^. No resolution was obtained 

with the fluorite prism, but it is hoped to reinvestigate the contour with a 
grating instrument. It is a summation tone, and once again the shape is of 
importance for the structure of the molecule. At 630 mm. the maximal 
absorption was approximately 90 per cent., the slits containing 10 cm.“^. 

The Molecules of CIO^ and SO ^ : Qualitative Discussion. 

The outstanding feature of the spectra of the two substances is their very 
close similarity. This is clearly indicated in fig. 4, which shows the positiona 
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and approximate intensities of the bands in the two spectra, together with the 
resolution so far achieved The SO 2 and CIO* bands at 526 and 627 
have not been completely observed in the infra-red and no estimate of their 
relative intensities can bo given. Part II of the present senes reports a band 
at 606 cm.”^ for SOj and this was adopted by us as a fundamental frequency ; 
it seems probable that this is to bo interpreted as V 3 — Vj ; the envelope 
reproduced on p. 144 of that commumcation indicates that the absorption 
falls to some low value at about 18 p ; this la precisely the long wave limit of 
the apparatus, and consequently too groat stress is not to bo laid upon either 
the shape of the envelope or the maximal separation observed. The work of 
Strong* in the far infra-red shows that considerable absorption exists beyond 
this point, and the moat reasonable value for the long wave fundamental from 



measurements of the Raman spectrum by Dickinson and West,t and others, 
and from the ultra-violet by Henri, t seems to b(' 625 cm.“^. The corresponding 
value for ClOj of 627 cm."*^ is taken from Goode ve and Stem, and from Urey 
and Johnston {loc dt.). 

As we propose to utilise the great similarity between these two spectra to 
amplify and correct our earlier results for SO 2 , we will emphasise this feature 
by referring once more to fig, 4 ; the relative int('naiti<\s of the observed bands 
for the two substances show that for both of them, a column of gas 46 cm. 
long and at the same pressure absorbs the same percentage of the incident 
radiation for any given mode. Th(‘ agreement is carried through mto the 
contours of the bands. 

These contours are determined by the orientation of the electric doublet, 

* ‘ Phys. Rev.,* vol. 37. p. 1484 (1931). 

t ‘ PhyB. Rev./ vol. 35. p. 1126 (1930). 

X See Plaozek. * Ber. 8&ohB. Gea (Akad.) Wisb. Leipzig, vol. 84. p. 98 (1931), 
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effective in the vibration concerned, relative to the different axes of the various 
moments of inertia of the molecule. For SOg the observed envelopes have 
been shown to be consistent with a triangular structure, and we are justified 
in assuming a similar construction for the ClOi molecule. The assumption of 
the triangular form is also supported by other evidence : for SO^ by the high 
value of the permanent dipole moment, by the Kerr effect as shown by Stuart,* 
and by the presence of lines corresponding to all three fundamentals in the 
Raman spectrum ; for both molecules by the absence from their infra-red 
spectra of the peculiarities characteristic of the rectilinear tnatomic molecules 
CO,, CS, and SCO. For such substances we expect the following features : 
if the resultant electronic angular momentum be zero, only the longest wave- 
length fundamental should have a Q branch, and this should be of low intensity. 
Secondly, if any fundamental vibrational level has a frequency approximately 
twice that of another fundamental, splitting of the former into sublevels takes 
place ; and finally, for the symmetneal molecules, no absorbing frequency 
active in the infra-red should be the sum of any two other frequencies there 
observed. It will be seen in the case of both the substances now studied that 
the shortest fundamental bands possess Q branches too intense to be due to 
any resultant angular momentum ; whilst for CIO,, two of the fundamental 
bands have frequencies nearly twice that of the third fundamental, but no 
doubling of the fundamental levels occurs. 

Constants of the TriaUmic Molecule, 

Taking the triangular structure of the two substances as qualitatively 
established, we will now determine the various molecular constants, and of 
these we will first consider the vertical angles. The normal modes of vibration 
of the atoms m a molecule of type XY, have been evaluated by a number of 
workers.| Assuming the triangle to be isosceles, and the force constants for 
the two equal sides to be equal, we have two distinct vibrating systems to be 
discussed, namely, one in which a central restoring force acts between the base 
particles, and another where this restoring force is replaced by a restoiing 
couple acting about an axis normal to the plane of the triangle and passing 
through the vertex. In both systems central restoring forces act between the 
mass at the vertex of the triangle and either mass at the base. We propose 
to apply Bjerrum’s calculations to the observed spectra, and to show how the 

* * Z. Phyaik,* vol. 65. p. 358, and yol. 50, p. 13 (1020). 

t See 111, * Proo. Boy. Soo.,* A, yol. 132, p. 245 (1031). 
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lengthy computations demanded by the normal method of application may be 
considerably shortened. 

Bjemuu takes as the three representative co-ordinates the projections of 
the extensions of either side on the original direction of side ; these appear to 
be the simplest and, using them, Kadakovic has deduced for a system of central 
forces expressions for the normal frequencies and modes in the general case 
of three unequal masses at the vertices of a scalene triangle. Sidgwick* 
repeats the original suggestion of Langmuir that sulphur dioxide has the 
structure 0 = 8 — 0; this would necessitate unequal force constants and 
presumably unequal sides to the triangle. This is believed to be the case with 
NO,, but the heats of linking of the two oxygen atoms differ very greatly, 
much more so than for SOj The experimental results for the latter substance 
are satisfied by the simpler assumption, and we shall restrict ourselves to this. 



Fig. 5. 


There are, corresponding to the three degrees of vibrational freedom, three 
normal modes, two of which are symmetrical about the bisector of the vertical 
angle, and a third unsymmetneal about this line, fig. 6. Wo shall refer to 
these as the symmetrical and unsymmetneal modes respectively, and, in con- 
formity with Dennison’s classification, f characterise them as v^, v,, v,. 

The frequency equation from which the semi-vertical angle and the force 
constants are deduced is a cubic in the squares of the normal frequencies ; 
relations between the roots of the equation and its coefiicients give three equa- 
tions that determine the three above unknowns. These equations as usually 
written are cumbersome, and the arithmetical calculations involved are readily 
susceptible to error. Furthermore, there is normally no indication from the 
experimentally observed frequencies as to which is the unsymmctrical, and the 
general method for its determination is to try each of the throe frequencies in 
turn, and to note which of the three gives real solutions for the required 
quantities. When the complete Raman spectrum is available, it is possible to 

♦ ‘ Ann. Rep. Chem. Soc.,’ p. 400 (1931). 
t * Rev. Mod. Phys.,’ vol. 3, p. 289 (1931). 
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apply the selection rules deduced by Flaczek (2oc. ciL ) ; if, of the two short 
wave fundamentals, one is symmetrical and the other unsymmctrical, the 
more intense scattered line is to be attributed to the former. We shall revert 
to this point below. The simplest method of determining possible un- 
symmetrical frequencies is to eliminate the force constants, and so obtain an 
equation for the semi-vertical angle ; the correct uns)anmetrical frequency is 
that which gives a real value for this angle. 

The frequency equation for the central force system may be written 




2^ 

m 


+ 


K, , 21L , 

-* + ^cos' 
m M 


2K,K 


“I?* 

+ (I) 


where m is the mass of the base particles, M the mass of that at the vertex ; 
a is the semivertical angle ; is the force constant refernng to the equal 
sides of the triangle, and Kj to the base ; p = 2;rvc, where v is the normal 
frequency in cm. 

If p 3 refers to the unsyrametrical frequency, and and pg to the aym~ 
metrical frequencies, then on eliminating Kj and Kj from the three equations 
relating pj, pj and pg to the coefficients of equation (1), we obtain 


4= w! PiW I 


(Pl® -1- P2* + PsV 


Sin* a 


^ M/ 


+ 


1 fhW 

^ M ' 




= 0, 


(2) 


which is an equation determining a. It is convenient to handle, since large 
multiples of 10 are eliminated, and the observed frequencies are readily inter- 
changed. 

For the valence force system we have as frequency equation 


[?■ - Ki {^ + 1 "ta* «} J [ j?* - [{(l + ^ .) oo.' a} K' 

+ (j + g 00.‘ .) K,] + K,K' (i -t i) ««• .] = 0, (3) 
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where m, M, and a are as in equation (1), and 

g*/ _ 

4 cos* a ’ 


K 4 is the tangential restoring force per unit arc displacement of the vortical 
angle, that is, the potential energy due to a displacement dO of this angle is 
)E^* (d6)*, where I is the length of either equal side. Performing the opera- 
tions on equation (3) that we applied to equation (1), we have 


PiW ^ 


(Pi* + P,® + Pa*) * + 2^3* ( 1 + g) = 0, 


( 4 ) 


where x = 1 + ^ sin* a. 
M 


(4) is a cubic of reduced form to bo numerically 


solved for and permutation of among the observed frequencies is com- 
paratively simple. 

When the possible unsymmetrical frequencies and the corresponding semi- 
vertical angles have been determined by means of formulas (2) and (4), the 
force constants can be calculated as follows : — 


/ , , 2m . 2 
(1 + If “ii** 

= ^ (Pi* + P2®) — ( 1 + ^ cos* a j Kj, ( 6 ) 



K, = 2 




( 7 ) 


It should be noticed that equation (6) determines Kj for both the central 
and valence force systems. 


The Molecules of CIO^ and SO 2 : Quantitative Discussion. 

On applying the above considerations to the observed spectra for SOj and 
G10|, we obtain the molecular characteristics displayed in Tables II (a) and 
(6) ; these give the possible unsymmetrical frequencies with their corresponding 
semi- vertical angles, and the force constants for the two systems. 
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Table IL 


(a) Central Force System for SOj and ClOg. 


Molecule. 

PoMible 

umyiDinetnoal 

frequency 

Semi- 

vertical 

angle. 

K,. 

K,. 


! om.”^ 

o 

dynee/om. x 10** 

dynee/om. X 10“* 

SO. 

1152 

32 

0 6 

1 7 

SO. 

1152 

57 

7*25 

5-2 

ao, 

946 

33 

6*7 

1-8 

CIO, 

046 

48 

5 7 

80 


(b) Valence Force System for SO, and ClOj, 


SO, 

1152 

32 

0 6 

4 6 

SO. 

1361 

61 

9-8 

3-3 

ao, 

046 

! 20 

8-7 

4-6 

ao. 

1109 

70 

6*1 

3-6 


^ The problem now is to determine which of these solutions is consistent with 
other observed data, and in effect to decide between the acute and obtuse 
angled triangles* At this pomt we can stress another similarity between the 
two molecules ; the electronic band spectra have been explored in the ultra- 
violet region, for SO* recently by Watson and Parker,* and for ClOg as already 
cited. The two spectra are very much alike ; in particular, in both cases the 
plot of the frequency difference between successive band heads against integers 
gives a straight line up to a defimte integer, when the curve breaks to a second 
straight line inclined to the first. This phenomenon is of very rturo occurrence, 
and Urey has attributed this discontinuity to the swinging of the isosceles 
triangle with a large vertical angle through a linear model to a second isosceles 
triangle with an acute vertical angle, the former corresponding to the ground 
electronic state. However, as we have seen, this hypothesis depends upon the 
assumption of incorrect values for the fundamental frequencies, and we have 
consequently no definite evidence from the ultra-violet upon the size of the 
vertical angle ; the remaining data from the infra-red provide (i) the relative 
intensities of the observed bands, and (ii) the contours of the envelopes, which 
indicate the presence or absence of a Q branch. We shall consider the latter 
feature in some detail. 


• • Phys. Rev.,’ vol. 87, p. 1484 (1931). 
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In Part II, the presence or absence of Q branches was shown to depend upon 
the orientation of the electric doublet effective in a given vibration relative to 
the axes of the three moments of inertia, and quantum mechanical investiga- 
tions (Dennison, loc. Ci(.) give this orientation for the fundamental and com- 
bination tones. The results may be summarised thus : if the frequency of any 
observed infra-red band be given by + ngV,), where and v, 

are the frequencies of the s}rmmetrical modes, fig. 5, a and 6, and Vg is the 
frequency of the unsymmetrical mode, fig. 5, c, then the electric doublet 
effective in the vibration is parallel to the bisector of the vertical angle when 
ng is even, and normal to this line when tig is odd ; and ng may assume any 
value, and when ng is zero the effective doublet is always parallel to this 
bisector. Knowing the orientation relative to the bisector, wo also know it 
with regard to the axis of least inertia, since this is either parallel or per- 
pendicular to the former. Which of these cases holds depends finally upon 
the vertical angle and upon the masses of the atoms composing the molecule. 
The three moments of inertia are A < B < C, and since we are dealmg with a 
plane molecule, A + B = C. Furthermore, the moment of inertia about the 
bisector of the vertical angle 2a is 27nZ^8in^a, and that about an axis per- 
pendicular to this line, passing through the centre of mass, and lying in the 
plane of the triangle is (2mM/(M 4^ 2m) cos^ a. Hence the axis of least 
inertia will be parallel or perpendicular to the bisector of the vertical angle 
according as (M/(M -f 2m) ) cos*® a > or <msin*a, i.e, as tan*a < or 
> M/(M + 2w). For SOg and ClOg the critical value is found to be 36®. 
Hence if a is less than this value, the axis of least inertia is parallel to 
the bisector of the vertical angle, and perpendicular to it if a is greater 
than 35®. 

This inequality, together with the selection rules derived from quantum 
mechanics and quoted above, gives the orientation of the electric doublet 
effective in the various bands relative to the axes of inertia for the various 
possible models. These are summarised in Table III , where the direction of 
vibration of the doublet is shown as either parallel or perpendicular to the 
least axis of inertia, since for the planar molecule there can be no vibrating 
doublet along the axis of greatest mertia, Table III specifies the orientation 
completely. 

In the discussion in Part II referred to above, wo also deduced qualitatively 
that if the effective electric doublet be perpendicular to the axis of least inertia, 
the observed band should consist only of P and B branches, whilst if the doublet 
be parallel to this axis, the band should show a Q branch in addition ; this 
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Table III. — The Orientation of the Effeotive Electric Doublet relative to the 
Least Axis of Inertia for the various possible Molecular Models of SO^ 
and OlO,. 

(a) The unsymmetrical frequency Vg is taken as 1162 and 946 cm.~^ 


respectively. 




Frequency. 

Foroe system. 

Band. 

Mode • 



Central. 

Valence. 



SO*. 

ClOa 







a < 3.5** 

o>36'’ 

o<35° 

a >36** 





cm 

cm 





C 


1361 

1109 

Parallel 

Porpendioular 

Parallel 

No solution 

— 

Vt 

624 

627 

f* 

>1 

t* 

11 

B 

V» 

1162 

046 

Perpendicular 

Parallel 

Perpondioular 

f » 

A 

Fa — 

006 

— 

If 

»i 

If 

If 

D 

Fi + Fa 

1871 

— 

Parallel 

Perpendicular 

Parallel 

11 

E 

2f, 

2306 

1184 

If 

I » 

If 

ft 

F 

Vi 't- v* 

2409 

2034 

Perpendicular 

Parallel 
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criterion has been quantitatively investigated by Dennison with the aid of the 
quantum mechanics, and he arrives at the same conclusion. 

In applying these principles to the observed spectrum, it must be remem- 
bered that the accuiacy of the deduction depends upon the degree of resolution 
obtainable, and that further examination by a grating spectrometer is necessary 
before finality is reached. Meyer, Bronk and Levin* explored band P in this 
way, and found no evidence of a Q branch of any intensity, while our own 
results for band B in both SO* and ClOj show P and R branches only. Table 
III renders this consistent with a vertical angle of less than 70° on both the 
force systems ; the envelopes of band G are identical for the two substances, 


• ‘ J. Opt Soo. Amor.,’ vol. 16, p. 267 (1927). 



636 


Investigations in Infra-Red Region of Spectrum, 

and although complete resolution has not been attained, nevertheless the 
available evidence points to the existence of a powerful Q branch, thus denying 
the possibility of a central force system with vertical angle greater than 70° 
if C is a symmetrical frequency. On the other hand, the valence force system 
with the larger angle permits the presence of this Q branch when band C is 
taken as the unsymmetrical frequency. Now band E for ClOj occurs at some 
400 cm.“^ on the longer wave side for the corresponding band for SOj and the 
resolution obtained for the former is slightly better ; the envelope shows traces 
of a Q branch in this band for CIO2 which may be concealed in the broad P 
branch of the SO^ band. If this is so, the only possible solution demands a 
central force system with an angle a of < 35° 

While the present work has been m preparation, Dadieu and Kohlrausch* 
have published a paper on the Raman effect and molecular structure of simple 
triatomic molecules. They adopt the obtuse angled triangle for SOj, with 
1361 cm.“^ as the unaymmetrical frequency, and suggest that the Q branch 
observed by us in this band is due to the presence of water vapour. Whenever 
we have obtained the water vapour band m this region, we have always 
obtained easy resolution of the band into the two widely separated maxima ; 
furthermore, the corresponding OIO2 band has exactly the same shape but 
occurs some 260 cm.“^ on the long wave side at 1109 However, refer- 

ence to Table III will show that the structure put forward by Dadieu and 
Kohlrausch requires the presence of a Q branch, and the suggestion of the 
presence of an impurity is thus mconsistent with their own deductions. 

Dennison has demonstrated that the hue structure of the vibration-rotation 
bands in the infra-red is intimately bound up with the numerical ratio of the 
least to the intermediate moment of inertia, and some estimate of the shape of 
the envelope for a given band can be made from the extremely useful chart 
in his paper ; this shows the variation in the fine structure as the above ratio 
changes from unity to zero. When the vertical angle is 36°, the two smaller 
moments are equal and our molecules are symmetrical tops , in that case the 
bands B and C would show the same envelope, contrary to observation. If 
A/B is 0'66 (a = 30°), the chart indicates that band C should possess a con- 
siderable Q branch, while band B should have none. These points are 
emphasised to illustrate the considerable change to bo expected in the spectrum 
for comparatively small changes in the vertical angle. 

The degree of resolution obtained in the case of CIO3 is, with the exception 


• ‘ Phys. Z.,’ voL 33, p. 166 (1932). 
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noted, not so satisfactory as in the previous work on SO|. The slightly coarser 
outline of the bands is perhaps to be attributed to the isotope effect, and 
although it is not sufficient to produce any actual separation of marima for the 
dioxide, it may well produce a broadening of the bands, and so render the 
observed maxima less distinct. In the case of the monoxide the effect may be 
expected to be considerable for certain bands. 


Mdecidar Dimensions. 

When Part II of the present series was written, in default of other evidence, 
band A at 606 cm.~^ was chosen as a fundamental frequency ; the existence of 
a frequency difference of this value had been previously recognised by Ooblentz,* 
and peculiarly enough in two cases where we had failed to isolate the bands. 
The temptation to adopt this as a fundamental frequency was too great, and 
the assumption that the separation of 9 cm."^ observed corresponded to the 
greatest moment of inertia led to abnormally large values for the interatomic 
distances. Probably no great reliance is to be placed on the observed separation 
since the readings were taken at the extreme limit of usefulness of the spectro- 
meter. The maximal P and K branch separations recorded for the other bands 
prove to be the same for both molecules. We accordingly have to associate 
these more accurately observed separations with the moments of inertia con- 
cerned ; for this we must have recourse once more to the considerations pro- 
pounded by Dennison in the paper cited. 

We have seen that if the semi-vertical angle is 36®, the molecules become 
symmetrical tops with electric doublets vibrating in the plane normal to the 
symmetry axis or axis of greatest inertia, and observed bands have only P 
and R branches, while the separation of the two maxima corresponds to the 
greatest moment of inertia. Reference to Dennison’s paper and to those of 
Kramers and Ittmannf shows that a top whose motions are governed 
by quantum mechanics behaves differently from a top moving according to 
classical mechanics ; in particular, as the top changes from a symmetrical 
to an asymmetrical rotator, there is no abrupt change in its motions such as 
was demanded by the older system,! where the top may spin about its axis 
of greatest or of least inertia, and where its motions depend upon the axis of 
spin. According to the new system, the transitions for an asjrmmetrical top 

* ** Investigations of Infra-red Spectra,’* Part I, p. 02. 

t ' Z. Phydk,’ vol. 60, p. 663 (1030) ; H ante, 

X Bailey, Cawie and Angus, * Trans. Faraday Soo.,* vol. 26, p. 107 (1030). 
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change continuously from the limit whore the smaller moments of inertia are 
equal to that where the least moment of inertia vanishes. At the first limit 
observed bands have only P and R branches whoso separation gives the greatest 
moment of inertia, and at the second limit the band due to vibrations of the 
doublet parallel to the least axis of inertia has P and R branches with a Q 
branch vanishing because of the Boltzmann factor, whilst that due to vibra- 
tions parallel to the intermediate axis of inertia consists of lines which tend to 
become infinitely far apart, the separation corresponding to the vanishing least 
moment of inertia. Hence near the first limit the P and R branches approxi- 
mate to those of a diatomic molecule whose moment of inertia equals the 
greatest moment for the triangular molecule. Near the second limit, the band 
due to vibrations parallel to the intermediate axis will have separations corre- 
sponding to those of a diatomic molecule with a moment of inertia equal to 
the least moment for the triatomic. 

The models deduced for CIO 2 and SOg approximate to the first limit, and the 
P and B branch separation should give a moment of inertia rather less than 
the greatest. The frequency difference of 30 cm.^^ corresponds to a moment 
of inertia of 4*7 X lO'"®® g. cm.® ; if this were the greatest moment and the 
vertical angle 60®, the length of each side of the triangle would be 1*2A. 
Wierl* using the electron diffraction method, found that the sulphur and 
oxygen nuclei in SOj were separated by 1'37 A., and this value is consistent 
with the qualitative infra-red estimate of slightly greater than 1 *2 A. It is 
interesting to compare these measurements with the interatomic separation 
in sulphur monoxide, SO ; Henri and Wolff obtained the rotational fine 
structure of this substance in the ultra-violet, f and found 1*34 A. for this 
distance. 

The same dimensions may be expected to hold good for the chlorine com- 
pound. The spectroscopic similarity leads one to enquire whether the 
phenomenon persists in other physical properties ; we find the melting points, 
boiling points, surface tensions, and molecular volumes, of the ascertainable 
physical data, much the same in both cases. The cause of the similarity is 
probably to be found in the electronic structure of the two substanc’es. The 
" odd ” electron in the chlorme compound confers paramagnetic properties 
upon the dioxide, and is presumably responsible for its chemical instability ; 
it appears, however, to be incorporated in the structure in such a way that, 

♦ ‘ Phya. Z.,’ vol. 31, p. 1028 (1930). 

•f ‘ J. Phys. Bodxum,* vol. 10, p. 81 (1929). 
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although necesBarily unpaired, it takea no part m structure formation, and the 
two substances are almost isosteres. 

The recent work of Slater,* * * § Paulmg,t and Hund$ exemplifies the quantum 
and wave mechanical significance of directed valence. Hand has extended 
and modified the conception ; directed valences, equivalent to the valence 
stroke) as written by chemists, are characterised by localisation of the electronic 
proper-functions concerned ; he shows that localisation is obtained if there 
exist proper-functions of single electrons from each atom for binding purposes, 
and also sufficient electrons to fill the resulting proper-functions of the molecule. 
The most important case of non-localised bonds then arises when the electrons 
present are too few to satisfy each possible directed bond with two electrons. 
Hand’s pap<‘r should be consulted for examples, but the gi ncral procedure m 
molecule formation is as follows : if localised bonds are possible, a bonds take 
energetic preference over bonds, while a double bond in all cases is a arc 
bond ; the subsequent formation of tnple bonds and the various spatial arrange- 
ments need not be discussed here, but it may be pointed out that when, for 
example, in a atom space considerations such as occur in the cyclo-paraffins 
prevent the formation of localised bonds, these are replaced by non-localised 
bonds with a smaller stability betrayed in a larger heat of combustion. In 
other cases where wc have an electron deficiency we may have localised 
a bonds with superimposed non-locahsed tz bonds. In the case of sulphur 
dioxide, where for each atom, two electrons are lacking from a complete outer 
shell, the ** holes ” may be treated as electrons, § the energy expression being 
the same as for the presence of two electrons outside a closed shell. The 
simplest picture of the formation of the molecule from the individual atoms 
would then suppose the formation of a o bond between the sulphur and each 
oxygen atom, thus involving four “ electrons of probably the (2, 1, 0) type ; 
the remaining eleefrons on the oxygen atoms (one each, of (2, 1, 1) or (2, 1, —1) 
type) may be deemed to occupy a proper-function giving a non-localised n 
bond. Proper-functions for two double bonds, which would consist each of a 
localised a and a localised tc bond, cannot be obtained from the two ** electrons ** 
of the sulphur, and would apparently necessitate a rcctilmear structure in any 
case. The first structure suggested meets with confirmation from the value 

• * Phys. Rev.,’ vol. 37, p. 481, and vol, 38, p. 1109 (1931). 

t * J. Amer. Chem. Soo.,’ vol. 53, p. 1367, and p. 3237 (1931). 

X * Z. Phyaik,* vol. 73, p. 1, and p. 565 (1931). 

§ Heisenberg, * Ann. Physik,* vol. 10, p. 888 (1931). 
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of the force constant which is approximately 9 X 10® djoies/cm., inter- 
mediate between the values for a single and a double bond. 

Turning to the chlonne compound, we have five holes of a p type to allocate ; 
it is important to note that in the allotment of electrons to the molecular 
proper-functions we must consider the molecule as a whole, and fill up the 
proper-functions with the available electrons ; this procedure renders it likely 
that we have a type single bonds between the chlorine atom and each oxygen, 
while the odd electron inoomplettdy fills a non-localised proper-function, and 
thus accounts for the instability of the substance. The force constant is 
approximately 6 X 10® d3nie3/cm , and confirms the choice of the single bond 
plus an incompletely filled non-localiacd proper-function. 

Reverting finally to the prefenmee of th<5 acute over the obtuse angled 
structure, we would emphasise that the choice of the former rests upon the 
assumptions that Donulson^s sc'lee.tion rules are correct and that complete 
resolution has been obtained m the critical bands ; the equilateral triangle 
also seems the most plausible structure for a tri atomic molecule with a non- 
localised proper-function, and gives the correct interatomic separation, whereas 
the obtuse angled form gives a distance of some 2-3 A. between the sulphur 
and oxygen atoms Against this mterpretation we have to set the fact that 
band B is the most intense in the Raman spectrum, and Flaczek’s selection 
rules indicate this as the symmetrical frequency of the two short wave funda- 
mentals, while the change of electric moment, and consequently the intensity 
in the mfra-red, is usually greatest for the unsymm(*trieal frequency, which 
should then bo band C, It is posvsible that- the introduction of the non-localised 
proper- function may contra vert Placzek’s rules, and wt* have m addition little 
knowledge of the actual amplitudes of vibration m the various fundamentals. 
Because of the difficulty of reconcihng the diverse evidence, it may be best to 
leave the question open and to summarise the two possible structures as in 
Table IV. We have recently completed an examination of the infra-red 
absorption spectrum of chlorine monoxide, and propose to leave any discussion 
of the thermochemisl ry of the dioxide until wo can collate the results for the 
two substances. 

Sxmmary, 

(1) The infra-red absorption spectrum of chlorine dioxide has been examined 
and compared with that of sulphur dioxide. 

(2) The two substances are spectroscopically and physically alike, and have 
similar structures. 
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Table IV. — ^The Moleculai Gharaoteristios of SO| and GlOf for the Acute and 

Obtuse Angled Forms. 

(a) The Acute Angled Structure. 

(Gentral forces provide the possible solution in each case.) 


CO 

O 

•• 

CIO,. 

Fundamental 

frequenoiea. 

Force oonstanU. 

Fundamental 

frequenoiea. 

Force oonatants. 

om"^ 

X 10“* dynos/cm. 

cm.“‘ 

X 10“* djnes/cm. 

^ 1361 

K, 0 6 (S - 0) 

vi =» 1109 

Ki 0 7 (Cl - 0) 

»,» 624 

K, 17 (0-0) 

1 V, =: 627 

K, 1 6 (0 - 0) 

= 1162 


1',=^ 946 


0^ = 00* , S-0 and 0-0 = 1 37 A. 

0$l0 = 00" , Cl-0 and 0-0 = 14 A. 


{b) The Obtuse Angled Structure. 

(Valence forces provide the possible solution in each case.) 



X 10“* dynos/om. 

cm.-^ 

X 10“* dynea/om. 

-i » 1162 

K, 9 6(8-0) 

» 940 

K, 0 7 (Cl - 0) 

1^,= 524 

Kt 3 3 (0 - 0) 

V, = 527 

K« 3 6 (0 - 0) 

i>, 3S 1301 

P, 1109 


. 122", 8-0 = 

2 3A.,0-0=.3 9 a. 

oclo = 140" , Cl-O = 2 4A.,0-0 = 4-2J 


(3) The available evidence permits of two possible structures with vertical 
angles of approximately 60° and 120° respectively, the weight of probability 
being slightly in favour of the acute angled form. 

(4) The electronic structure has been discussed, and values for the molecular 
characteristics have been derived. 
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Perturbations and Rotation Constants of some First Negative 

Nitrogen Bands. 

By W. H. J. Childs, B.Sc , PI 1 .D., Davy-Faraday Research Laboratory. 

(Oommunicatod by Sir William Bragg, F.R S — Received May 12, 1932.) 

[Platb 21.] 

During the course of a syatciinatic programme of intensity measurements of 
band spectra it was oonsidered advisable to include some measurements of 
the first negative nitrogen bands. These bands arc omitted by the ionised 
nitrogen molecule and show very clearly the interesting phenomenon of 
alternating intensities. It was soon foimd, however, that the particular 
source employed possessed a number of useful properties, not least 0 / which 
was its ability to excite in a selective manner the negative bands so that they 
were practically free from the usually troublesome second positive group. In 
addition, the bands w(‘r(* (‘xcuted to such unusually high rotational levels that 
in this way a number of large and hitherto unobserved perturbations were 
revealed. It is the purpose of this pap<‘r to discuss these perturbations in 
detail ; the other characteristics of tins type of excitation will be discussed 
elsewhere. 

Exp&rhinental. 

The bands were excited m an ordinary Pomtolite lamp, that is, m a com- 
paratively low voltage (70 v.) timgsten arc in pure nitrogen at about 10 om. 
pressure. Under these circumstances the 0, 0 ; X 3914 band was obtained 
entirely unobscured, whilst the 0, 1 ; X 4278 band contained but slight traces 
of the 1,2; X 4237 band. They were photographed in the second order of a 
21-feet concave grating of the Physikalischos Institut, Bonn ; in the case of 
X 3914 two satisfactory plates being obtained with exposure times of 6 hours 
whilst for X 4278 only one plate was obtained with an exposure of 10 hours. 
The plates were measured m the usual way, precautions being taken to elimi- 
nate any possible errors of the screw of the measuring micrometer. Inter- 
comparison of the several sets of measuremoni-s (four) for each plate shows that 
the relative accuracy attained is about 0*06 cm. — ^this is the mean error for 
a large number of lines — whilst the two plat<‘.s of X 3914 indicate that for this 
band the absolute accuracy is also of the same order. For the purposes of 
this paper, however, the absolute accuracy is of lesser importance, since the 
information to be discussed is derived from measurements within a single band. 
Intensities were obtained from plates taken in the first order usmg the raster " 

2 u 
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method of Frerichs.* Since this paper is concerned primarilf with the per- 
turbations it will suffice to say that these plates were photometered with a Moll 
type recording microphotometcr and the intensiticB evaluated from the density 
records in the usual manner. These intensity measurements will form the 
subject of a separate communication. A portion of the 0, 0 band is reproduced 
in Plato 21 with below it for comparison a photograph of the band as it appears 
when excited at the hoUow cathode of a Geissler tube. The remarkable change 
in the appearance of the band is at once evident ; the branches can be followed 
to about K =: 80 (in a plate taken under smaUer dispersion to K — 100) and 
this extension combined with freedom from extraneous lines makes the band 
under high dispersion a very fine example of its kind. 

The results of the measurement of those two bands are given in Tables I 
and II. The bands have already been measured to K = 30 by Fassbenderf 
and more recently by Coster and Brons,*): and use has been made of Fass- 
bendor*s measurements to supplement the tables for R(0) and R(l) which were 
too faint to measure, and for the lines P(l) to P{12), i.e., from the origin to the 
head, which were unrcsolvable owing to their Doppler width caused by the 
high effective temperature of the source. It is due to this width that the 
close doublets of which these bands are composed were not fully resolved until 
K^20 approximately, although with the Gleissler tube source and similar 
resolving power they can bo resolved at K — 14 or less. 


Table I. — The numbering is according to the modern notation. The high 
frequency component of the doublets is associated with (K + }) except 
in the perturbed regions, where the assignments are given at the side. 


B branch. 

P branch. 

K. 

( 

A (air). 1 

V (vacuum). 

K. 

A (air) 

V (vacuum). 

0 

3909 71 F 

25670 10 

0 

1 


1 

1 09 04 F 

74 54 

1 

3910 94 F 

26662 10 

2 

08 298 

79 37 

2 

11 48 F 

68 68 

3 

07 633 

84 38 

3 

1197F 

65 34 

4 

06 703 

89 81 

4 

12 43F 

62 38 

6 

03 841 

95 46 

6 

12 82F 

49 79 

6 

04 927 

26601 46 

6 

13 18 F 

47 44 

7 

03 969 

07 73 

7 

13 60F 

46 40 

8 

02 956 

14 38 

8 

13 76 F 

43 69 


F FaMbender’. m.a.uremeiit. 


* ‘ Z. Physik,’ vol. 31. p. 30S (1925). 
t ‘ Z. Phyrik,’ vol. 30, p. 73 (1924). 
t ‘ Z. Physik,* vol. 73, p. 747 (1932). 
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64a 


K branch. 

P branch. 

K. 

A (air) 

V (vaoiiHin). 

K. 

A (uir) 

V (VlWJU 

9 

3901 916 

26621 21 

0 

3913 96 F 

25642 34 

10 

00 829 

28 34 

10 

14 15 F 

41 14 

11 

3899 713 

35 68 

11 

14 26 F 

40 44 

12 

98 499 

43 66 

12 

14 34 F 

39 01 

13 

97 267 

51 77 

13 

14 34 F 

39 01 

14 

96 996 

60 13 

14 

14 331 

39 94 

16 

94 676 

68 84 

15 

14 249 

40 48 

16 

93 309 

77 84 

16 

14 136 

41 22 

17 

91900 

87 14 

17 

13 969 

42 30 

18 

90 451 

06 71 

18 

13 770 

43 60 


90 422 

96 90 

19 

13 516 

45 26 

19 

88 964 

26706 63 

20 

13 215 

47 23 


88 032 

06 74 

21 

12 878 

49 43 

20 

87 428 

16 69 

22 

12 511 

61 82 


87 889 

16 96 


12 471 

62 08 

21 

85 833 

27 24 

23 

12 072 

64 69 


85 801 

27 46 


12 037 

54 92 

22 

84 213 

37 97 

24 

11 582 

67 89 


84 170 

38 26 


11 542 

68 16 

23 

82 629 

49 14 

26 

11051 

61 36 


82 490 

49 40 


11015 

61 00 

24 

80 826 

60 44 

26 

10 473 

65 14 


80 780 

60 74 


10 427 

65 44 

26 

79 067 

72 18 

27 

09 842 

69 27 


79 016 

72 46 


00 804 

69 61 

26 

77 266 

84 09 

28 

09 172 

73 66 


77 218 

84 41 


09 127 

73 94 

27 

76 414 

96 41 

29 

08 464 

78 36 


76 376 

96 66 


08 414 

78 61 

28 

73 640 

26808 89 

30 

07 694 

83 32 


73 481 

09 28 


07 647 

83 63 

29 

71601 

21 82 

31 

00 882 

88 64 


71 566 

22 12 


06 836 

88 94 

30 

69 633 

34 95 

32 

06 034 

94 19 


69 077 

35 32 


06 980 

94 64 

31 

67 621 

48 39 

33 

06 130 

26600 12 


67 672 

48 71 


06 086 

00 41 

32 

65 664 

62 21 

34 

04 187 

06 30 


65 619 

62 44 


04 137 

06 03 

33 

63 486 

76 06 

36 

03 198 

12 70 


63 421 

76 49 


03 145 

13 14 

34 

61361 

90 36 

36 

02 180 

19 47 


61 289 

90 77 


02 119 

19 87 

36 

69 362 

26903 71 (K-J) 

37 

01280 

26 34 


69 134 

06 23 (K+i) 


01054 

26 86 

36 

66 933 

/ (19 93) (Kfi) 

\ (20 17) (K-J) 

38 

3899 053 

99 922 

34 10 
34 30 

37 

64 864 

33 99 (K )-*) 

39 

98 048 

40 71 


64 717 

34 91 (K-i) 


98 801 

41 67 

38 

64 100 

38 66 (Kfi) 

40 

99 378 

37 88 


62 609 

49 11 (Kfi) 


97 791 

48 32 


61 463 

66 89 (K i-i) 


96 613 

66 07 

39 

49 767 

68 20 (K-i) 

41 

95 996 

60 13 


49 708 

68 66 (K+t) 


06 964 

60 34 


(K-J) 

(K+t) 

(K-J) 

(K+l) 

(K+l) 

(K- 

(K + ,. 

(K-}) 

(8.+ *) 

(K- 

(K+ 

(K- 

(Kf ) 


VatMbender’a meaiummont 


12 u 2 
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K. 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

67 

68 

59 

60 
61 
62 

63 

64 

65 

66 
67 



3847 510 

26983 49 

(K- 

h) 

42 

47 432 

84 02 

(K+i) 


45 114 

90 68 

(K- 

i) 

43 

45 114 

99 68 

(K+i) 


42 658 

260X6 30 



44 

42 482 

17 49 




40 164 

33 27 



45 

40 028 

34 12 




37 625 

50 42 



46 

37 603 

61 25 




35 041 

67 97 



47 

34 030 

68 73 




32 410 

85 81 



48 

32 313 

86 53 




29 769 

26103 93 



49 

29 666 

04 63 




27 067 

22 29 



GO 

20 060 

23 02 




24 323 

41 03 



5J 

24 227 

41 60 




21 648 

60 01 



52 

21 447 

60 70 




18 738 

79 26 



63 

18 642 

79 92 




16 884 

98 84 



64 

15 790 

99 49 




12 971 

26218 85 



55 

12 889 

19 42 




10 079 

38 76 



56 

09 981 

39 43 




07 121 

59 14 



57 

07 026 

59 80 




04 122 

79 84 



68 

04 026 

80 61 




01 098 

26300 76 



59 

00 099 

01 43 




98 030 

2199 



60 

97 936 

22 65 




94 934 

43 47 



61 

04 839 

44 13 




01801 

66 23 



62 

91 710 

66 87 




88 641 

87 22 

(K- 

i) 

63 

88 647 

87 88 

(K+i) 


86 368 

26410 04 

(K+i) 

64 

86 239 

10 94 

(K 

i) 


82 326 

3129 

(K- 

t) 

66 

82 171 

32 36 

(K + l) 


79 149 

03 50 



66 

70 049 

64 20 








67 

3776 083 

8199 

(K+i) 


72 111 

26502 85 



68 

71992 

03 60 




68 774 

26 32 



60 

68 708 

26 78 





3804 830 
94 763 
93 509 
93 609 
92 106 
91 930 
90 667 
90 535 
89 182 
89 066 
87 662 
87 534 
86 073 
85 962 
84 447 
84 346 
82 779 
82 675 
81065 
80 963 
79 314 

70 209 
77 513 
77 414 
76 671 
76 673 
73 796 
73 687 

71 868 
71 768 
69 883 

60 792 
67 870 
67 773 
65 821 
65 713 
63 730 

63 629 

61 580 
61404 
59 402 
59 323 
67 202 
67 109 

64 877 
64 740 

52 609 
50 510 
50 413 
47 472 
47 366 
46 298 
46 186 
42 885 
42 705 


25667 82 (K-J) 
68 32 (K+i) 
76 62 (K-l) 
76 62 (K+i) 
86 78 
86 94 
96 28 
96 15 
26705 09 
06 86 

15 21 

16 00 
26 66 
26 39 

36 42 

37 09 

47 48 

48 17 
68 85 

59 63 

70 48 

71 17 

82 46 

83 10 
94 70 
96 36 

26807 19 

07 91 
20 10 
20 77 
33 28 
33 89 

46 72 

47 37 

60 42 

61 14 
74 42 
76 09 
88 82 
89 40 

26903 43 
03 06 
18 21 
18 83 

33 84 (K+i) 

34 76 (K-l) 

49 11 (K+i) 
63 19 

63 90 

83 76 

84 64 

08 44 

09 20 
26014 77 

15 37 
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Table I — (contimipcl). 


H branch 

P branch 

K. 

A (air) 

V (\a( nil in) 

K, 

A(iui). j 

V (Vcicuum). 

68 

3766 300 

26650 16 

70 

3840 392 

26031 66 


65 251 

51 14 


40 263 

32 59 

69 

61954 

74 41 

71 




61 842 

75 20 


Weak 

Weak 

70 

68 406 

98 86 

72 

36 274 

66 39 


58 388 

99 02 


35 166 

67 12 

71 

65 000 

26623 62 (K l-i) 

73 

32 664 

84 14 (K+i)t 


54 887 

24 42 (K -1) 


32 655 

84 88 (K-{) 

72 

61 467 

48 69 

74 

20 993 

26102 33 


51 308 

19 40 


29 887 

03 05 

73 

Weak 

Weak 

75 

Weak 

Weak 

74 

44 320 

99 50 

76 

24 558 

30 42 


44 223 

26700 25 


24 460 

40 16 

76 

Weak 

Weak 

77 

Weak 

Weak 

76 

37 032 

51 63 

78 

18 976 ! 

77 63 


36 945 

52 25 


18 876 ! 

78 32 

77 

Weak 

Weak 

79 

Weak 

Weak 

78 

29 653 

20804 55 

80 

13 2Jb 

26217 03 


29 668 

05 16 


13 150 1 

17 62 

79 

Weak 

Weak 

81 

Weak 

Weak 

80 

22 151 

58 58 

82 

07 334 

57 62 


22 102 

58 03 




81 

Weak 

Weak 




82 

14 048 

26917 17 





Tabic II. — Tho numbering xs according to the modern notation. The high 
frequencsy component of the doublets is associated with (K + J), except 
in th(* perturbed regions, where the assignments arc given at the side. 

R branf h P branch 


K 

A (air) 1 

V (\ acuuro) 

i K 

A (air) 1 

V (vacuum) 

0 

4273 14 F 

23395 43 

0 



1 

72 32 F 

09 03 

1 

4274 00 F 

23387 46 

2 

71 468 

23404 65 

2 

76 23 F 

84 00 

3 

70 543 

00 66 

3 

75 80 F 

80 88 

4 

60 507 

15 34 

4 

76 31 F 

78 09 

6 

68 442 

21 18 

5 

76 70 F 

75 66 

6 

07 310 

27 40 

6 

77 13 F 

73 59 

7 

66 111 

33 08 

7 

77 46 F 

71 79 

8 

64 866 

40 83 

8 

77 72 F 

70 88 

0 

63 645 

4808 

9 

77 90 F 

69 39 

10 

62 176 

56 62 

10 

78 04 F 

68 65 

n 

60 740 

63 52 

11 

78 11 F 

68 28 

12 

50 247 

71 74 

12 

78 11 F 

68 28 

18 

67 689 

80 33 

13 

78 103 

68 29 

14 

56 074 

80 24 

14 

77 949 

69 14 


F =>« Faas bender's measurement. 
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Table II — (ooatinued). 


1 

R branch. | 


P branch 



K. 

A (air). 

V (yaouum). 

K. 

, A (air). 

V (vacuum). 


15 

4264 300 

23408 64 


16 

4277 744 

23370 26 



16 

62 669 

2360811 


16 1 

77 621 1 

71 47 



17 

60 881 

17 94 


17 

77 191 

73 28 



18 

48 996 

28 37 


18 

76 843 

76 18 



19 

47 081 

38 98 

1 

19 

76 420 

77 48 



20 

46 086 

5004 

1 

20 

76 020 

80 22 



21 

43 066 

61 26 


21 

76 364 

83 26 




43040 

61 40 


22 

74 738 

86 69 



22 

40 998 

72 74 


23 

74063 

90 44 




40 962 

7300 



1 




23 

38 841 

84 74 


24 

73 306 

94 53 




38 797 

84 98 







24 

36 637 

9700 


26 

72 494 

98 97 




36 691 

97 26 


26 

71 642 

23403 64 



26 

34 371 

23609 63 



71688 

03 93 




34 300 

10 03 


27 

70 713 

08 73 



26 

32 048 

22 60 



70 658 

09 03 




31 991 

22 91 


28 

69 719 

14 18 



27 

29 668 

36 88 



69 658 

14 61 




29 614 

36 18 


29 

68 666 

20 01 



28 

27 236 

40 48 



68 603 

20 30 




27 176 

40 82 


30 

67 644 

26 11 



29 

24 742 

63 44 



67 483 

26 45 




24 684 

63 77 


31 

66 360 

32 61 



30 

22 201 

77 68 



66 299 

32tM» 




22 126 

7811 


32 

66 127 

39 39 



31 

19 680 

02 39 



66 060 

39 75 




19 627 

92 60 


33 

63 816 

46 60 



32 

16 928 

23707 29 



63 758 

46 91 




16 868 

07 63 


34 

62 467 

64 01 



33 

14 204 

22 62 



62 399 

64 39 




14 169 

22 87 


36 

61 038 

61 88 



34 

11471 

38 01 



60 984 

62 18 




11 389 

38 47 


36 

69 683 

69 89 

(K-, 

1) 

36 

08 864 

62 71 

(K-i) 


69 608 

70 31 

(K+i) 


08 681 

54 31 

(K+i) 

37 

68 267 

77 16 

(K-, 

i) 

36 

06 741 

70 36' 

(K+J) 


67 988 

78 68 

(K+i) 


05 696 

70 61 

(K-i) 

38 

66 430 

87 28 

(K+i) 

37 

02 980 

86 90 

(K+i) 


66 371 

87 60 

(K- 

i) 


02 833 

86 80 

(K-l) 

39 

64 945 

95 48 

(K+i) 





64 766 

96 46 

(K- 

i) 

38 

01 924 

9194 

(K+J) 

40 

66 184 

94 16 

(K+. 



00 073 

23802 43 

(K-i) 


63 290 

23604 62 

(K- 

I) 


4198 701 

10 21 

(K+i) 


61 886 

12 38 

(K+, 

1) 

89 

96 447 

96 364 

22 99 

23 47 

(K-l) 

(K+4) 

41 

60 881 

17 94ij 

r(K- 

l(K+ 

[j 

40 

93 486 

30 82 

(K-i) 

42 

49196 

27 27 

(K- 

n 


93 392 

40 36 

(K+*) 


49099 

27 80 

(K+, 

i) 

41 

90 372 

67 63 

(K-4) 

43 

47 326 

37 63 

(K-, 

1) 


90 372 

67 63 

(K+i) 


47 326 

37 63 

(K+i) 

42 

87 168 

i 76 70 

44 

46 368 

48 63 




86 960 

76 97 



1 45 146 

49 71 



43 

83 919 

94 33 


46 

43 336 

60 76 




83 766 

96 21 



43 179 

60 63 



44 

80 610 

23013 24 


46 

41 250 

7134 




80 473 

14 02 


i 

41 108 

72 13 
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Table II — (continued). 


R branch. 

P branch. 

K. 

X (air). 

V (vacuum). 

K. 

X (air). 

V (vacuum). 

46 

4177 267 

23932 43 

47 

1239 008 

23583 31 


77 128 

33 17 


38 971 

84 01 

46 

73 845 

62 00 

48 

36 890 

90 00 


73 707 

62 79 


30 770 

96 27 

47 

70 378 

7191 

1 49 

34 031 

23608 18 


70 264 

72 66 


34 490 

08 00 

48 

66 867 

92 16 

60 

32 302 

21 18 


66 724 

92 93 


32 180 

21 86 

49 

63 281 

24012 77 

61 

29 922 

34 47 


63 158 

, 13 48 


29 798 

36 16 

60 

69 668 

33 69 

52 

i 27 466 

48 20 


69 540 

34 37 


27 360 

48 80 

61 

65 986 

54 92 

63 

24 983 

62 09 


66 865 

66 62 1 


24 863 

62 77 

52 

62 272 

76 44 

54 

22 430 

76 40 


62 155 

77 11 


22 307 

77 09 

53 

48 611 ] 

98 26 

66 

19 816 

9107 


48 399 

98 91 


10G91 

91 77 

64 1 

44 609 

24120 43 

66 

17 149 

23706 06 


44 601 

21 0« 


17 033 

06 70 

66 

40 987 

43 06 

67 

14 410 

2146 


40 720 

43 60 


14 316 

21 09 

56 

36 018 

05 79 

58 

11 637 

37 07 

i 

36 806 

66 46 


11 617 

37 75 

67 ! 

32 054 

88 97 

59 

08 797 

63 09 


32 861 

80 67 


08 691 

63 69 

68 

28 962 

24212 36 

00 

00 004 

60 43 


28 840 ' 

13 02 


05 804 

09 99 

69 

24 016 

36 11 

61 

02 980 

86 96 


24 811 

36 72 


02 833 

86 80 

60 

20 810 

60 26 

62 

4199 062 

23803 06 


20 716 

60 81 


99 853 

03 67 

61 

16 700 

84 47 (K-4) 

63 1 

96 919 

20 31 


16 601 

86 12 (K+1) 


96 809 

20 94 

62 

12 644 

24309 06 (K+t) 

64 

93 733 

1 38 41 (K+i) 


12 430 

10 49 (K-l) 


93 573 

39 32 (K-i) 

63 



65 




08 277 

34 26 (K+i) 


90 637 

66 02 (K-ht) 

64 

05 836 

68 07 

66 

87 691 

72 76 


04 261 

58 77 


87 570 

1 73 49 

66 



67 

83 662 

96 79 


4099 062 

89 03 (Kfl) 


83 402 

96 77 

66 

96 114 

24412 48 

68 

80 610 

23913 24 

1 

94 986 

13 24 


80 ns 

14 02 

67 

90 763 

38 44 

69 

77 267 

32 43 


90 663 

39 10 


77 128 

3317 

68 

86 328 

64 97 

70 

73 846 

5200 


86 166 

66 94 


73 707 

62 79 

69 

81 842 

01 85 

71 

70 378 

71 91 


81 708 

92 06 


70 264 

72 66 

70 

77 320 

24619 02 

72 

66 857 

92 16 


77 174 

19 89 


66 724 

92 93 

71 

72 763 

46 61 





72 916 

46 53 
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The system of levels for these bands is shovm schematioally in fig, 1, which 
serves to make clear the evaluation of the initial term differences from B(K) 
and F(K), and the final term differences from B(K — 1) and P(E + !)• These 
differences are given in Tables III and IV. Since the initial state is common 
to both bands they should give identical values ; Table III is therefore an 
additional check on the accuracy of the measurements. 



Fio. 1. — System of transitions for the N,'" bands. The ,T -* J transitions have been 

oiniitud. 


The Rotational Constants, 

The extended rotational structure of the bands should make possible the 
determination of the rotational constants of the molecule with some con- 
siderable degree of accuracy. The rotational levels, if the doublmg be for the 
moment neglected, might bo expected to a close approximation to be spaced 
according to the expression 

F - B , . K (K + 1 ) + D . . [K (K + 1)?. 

It IS quite possible to represent the v" — 0 statts by an expression of this 
form, but the v" = 1 state requires an additional term whilst the v' = 0 
state is so violently disturbed that it cannot be fitted by any simple function 
of powers of (K), as is clearly shown by fig. 2. The expressions which have 
been found best to fit the levels are as follows : — 

u" ^ 0 P = 1 -9224 . K (K -f 1) - 6-92 . lO"® [K (K + 1)]* 

v" ^ 1 F = 1-9016. K{K-f-h) “6-21. 10- «[K(K + 1)]* 

+ 4-14. 10-6 (K)» (1) 

v' = 0 F = 2-0726 . K (K + 1) - 6-86 . lO"* [K (K + 1)]* 

+ 6-77 . 10-6 (K)» J 
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Table III. — ^Term differencea for the v' = 0, levels. The values are 
derived from K (K) — P (K) and are therefore the term differences 
F (K + 1) - F (K - 1) 


K. 1 

3914 1 

4278 ! , 

K 

3914 

1 4278 

1 

12 44 

12 47 


30 

1 

326 59 

1 

326 53 

2 

20 76 

20 78 



327 95 

327 99 


29 03 

20 06 


40 

335 17 

335 20 

4 

37 37 

37 34 



346 14\ 

346 lO*) 

5 

45 64 

45 66 1 



327 96/ 

327 97 J 

« 

53 97 

53 80 


41 

339 55 

339 59 

7 

62 29 

62 24 



339 34 


8 

70 52 

70 53 


42 

348 48 

348 62 

9 

78 78 

78 76 ; 


349 17 

349 17 

10 

87 22 

87 06 


43 

3% 76 

366 70 

11 

95 43 

95 34 





12 

103 71 

103 67 


44 

364 64 

364 71 

13 

111 70 

111 78 



364 31 

364 31 

14 

120 19 

120 10 


45 1 

372 69 

372 67 

iri 

128 36 

128 28 1 


372 58 

372 54 

IH 

136 62 

136 64 


46 

380 72 

380 66 

17 

144 84 

144 66 



380 67 

380 66 

IK 

153 20 

153 19 


47 

388 72 

388 60 

19 

161 38 

161 50 



388 64 

388 65 

20 

169 59 

169 82 


' 

396 63 

396 60 

21 

177 92 

178 07 


1 

396 63 

396 66 

22 

186 15 

186 18 


49 1 

404 61 

404 59 


186 18 

1 

1 


404 60 

104 63 

23 

194 45 

194 42 1 

1 

50 

112 53 

412 51 


194 47 

1 

1 


412 53 

412 51 

24 

202 55 

202 60 ! 

1 

! 61 

420 41 

420 46 


202 59 


1 

1 


420 39 

420 4(i 

26 

210 82 

210 86 , 

1 

52 

1 428 36 

428 24 


210 86 




428 32 

428 31 

26 

218 95 

218 95 


63 

436 40 

436 17 


218 97 

218 98 



436 32 

1 430 14 

27 

227 14 

227 15 

1 j 

54 

444 05 

444 03 


227 16 

227 15 

M 


444 08 

443 97 

28 

235 24 

235 30 

1 

1 

55 

451 05 

461 98 


235 34 , 

235 31 


451 89 

151 83 

29 

243 47 

213 43 , 

1 5(, 

459 74 

459 74 


243 51 

243 17 ; 


1 169 74 

459 75 

30 

251 63 

251 57 I 

I 

1 467 47 

467 61 


251 70 

251 6(1 1 

1 

1 467 54 

467 58 

31 

259 75 

259 78 

1 58 

i 476 27 

1 475 29 


269 78 

269 74 i 


1 475 28 

476 27 

32 

268 02 

267 00 , 

1 69 

1 483 05 

483 02 


207 90 

267 88 


1 

1 482 99 

483 03 

33 

276 94 

276 02 


1 60 

1 400 81 

490 82 


276 07 

275 96 

1 

1 

4', 40 78 

490 82 

34 

284 06 

284 00 

61 

498 40 

498 51 


284 15 

284 08 



408 48 

498 32 

35 

290 92 

290 83 


62 

507 51 

607 43 


292 09 

292 13 



506 08 

505 99 

36 

300 70 

300 72 


63 

613 08 



300 06 

300 04 


513 31 

613 32 

37 

309 57 

300 65 

1 

64 

518 74 

618 76 


307 13 

307 28 



520 36 

620 36 

38 

314 81 

314 83 


65 




304 66\ 

304 66\ 



632 88 

533 01 


322 79/ 

322 93/ 

1 
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Table III — (continued). 


K. 

SOU. 

4278 

K. 

3014. 

66 

530 66 

530 73 

73 

Weak 


539 79 

539 75 

74 

507 23 

67 

542 66 

542 66 


607 20 


642 24 

542 33 

75 

Weak 

68 

551 72 

661 78 

76 

612 21 


551 94 

561 92 


612 00 

60 

560 64 

569 42 

77 

Weak 


559 83 

560 40 

78 

626 92 

70 

607 21 

567 02 


626 84 


667 03 

567 10 

70 

Weak 

71 

Weak 

674 60 ? 

80 

64155 



672 07 ? 


641 31 

72 

582 30 


81 

Weak 


682 28 


82 

660 65 


When two values are given the first is the (K — the second the (K + difference. 


Table IV. — Term differences for the »" = 0, v" = 1, levels. The values 
are derived from K (K - 1) — P (K 4- 1) and are therefore the values of 
F" (K + 1) - F' (K - 1) 


K. 

3914. 

4278. 

K. 

3014. 

4278. 


11 62 

11 43 

26 

202 91 

200 90 


19 20 

19 05 


202 05 

20100 

3 

26 06 

26 60 

27 

210 44 

208 41 

4 

34 58 

34 29 


210 47 

208 40 

5 

42 31 

41 84 

28 

218 00 

215 87 

6 

50 03 

49 52 


218 06 

215 88 

7 

57 72 

57 10 

20 

225 57 

223 37 

8 

65 35 

64 64 


226 65 

223 37 

9 

73 07 

72 26 

30 

233 18 

230 83 

10 

80 68 

79 86 


233 18 

230 82 

11 

88 45 

87 43 

31 

240 76 

238 29 

12 

95 06 

06 23 


240 78 

238 36 

13 

103 72 

102 60 

32 

248 27 

245 70 

14 

11120 

110 07 


248 30 

246 78 

16 

118 91 

117 77 

33 

256 01 

253 28 

16 

126 54 

125 20 


256 81 

253 24 

17 

134 24 

132 93 

34 

263 27 

260 74 

18 

141 88 

140 46 


203 35 

260 60 

10 

149 68 

148 15 

35 

270 80 

268 12 

20 

167 20 

165 72 


270 90 

26816 

21 

164 87 

163 36 

36 

278 37 

276 66 


104 87 



278 37 

275 63 

22 

172 55 

170 80 

37 

286 87 

288 01 


172 64 



295 83 

28907 

23 

180 08 

178 34 

38 

293 24 

290 34 


180 11 



293 28 

290 48 

24 

187 78 

186 80 

30 

300 70 

297 81 


187 80 



300 78 \ 

297 78 

26 

106 30 

103 36 


300 82/ 

297 83 


105 30 

103 33 

40 

308 13 

306 22 


308 32 
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K. i 

3914. 

i 4278 

41 

316 67 

3)2 66 


315 70 

312 55 

42 

323 16 

319 90 

43 

330 62 

327 26 


330 66 

327 26 

44 

337 99 

334 67 


337 97 

334 58 

46 

346 33 

341 90 


345 39 

34189 

46 

362 76 

349 12 


362 74 

349 16 

47 

360 16 

366 44 


360 14 

360 62 

46 

367 51 

363 73 


367 64 

363 61 

49 

374 81 

370 98 


374 86 

371 07 

50 

382 18 

378 30 


382 16 

378 32 

61 

389 63 

386 49 


389 53 

386 67 

52 

396 81 

392 83 


396 82 

392 85 

63 

404 14 

400 04 


404 14 

400 02 

64 

411 66 

407 19 


411 51 

407 14 

66 

418 66 

414 38 


418 60 

414 36 

66 

426 86 

42169 


425 91 

421 61 

67 

433 12 

428 72 


433 14 

428 70 

58 

440 33 

435 88 


440 29 

436 88 

69 

447 57 

442 93 


447 66 

443 03 

60 

464 66 

460 16 


464 73 

449 92 


K 

, 3914. 

4278. 

61 

f 46180 

457 19 


461 91 

467 14 

62 

469 01 

464 16 


469 06 

464 18 

63 

476 18 

471 17 


476 20 

471 26 

64 

483 26 

478 24 

66 

1 490 31 

486 32 

1 

490 30 

486 28 

06 

497 46 

492 20 

67 1 

604 41 

499 24 

1 

504 49 

499 22 

08 1 

, 611 65 

606 01 


61141 

605 93 

69 

518 61 

512 97 


j 618 55 

613 15 

70 

1 Weak 

619 94 


Weak 

520 10 

71 ' 

532 47 

626 80 


532 60 

626 96 

72 

530 64 


73 

539 48 

546 36 


74 

1 546 35 

Weak 


76 ! 

1 560 14 


76 

56009 

1 Weak 


77 1 

574 00 


78 

1 573 93 

Weak 


79 

587 62 


80 ! 

687 54 

Weak 


81 

600 96 


i 

Weak 



When two Taluea are given the first is the (K i) and the second the (K + i) difformoe. 


The general expression is thus of the form . — 

F = B, . K (K + 1) + D. . [K(K + 1)]*+ ^(K)». 

The small additional term ^(K)^ is probably to be attributed to a slight dis- 
tortion of the molecule, arising in the one case from vibration and in the other 
from excitation. The way in which the expressions fit the experimental 
values is shown in fig. 2 ; the constants have been grouped together for con- 
venience in Table Vll and exhibit some interesting regularities. The trend 
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of the and values* with increasing v is in the expected direction. If 
we assume that 

B, - B, + a(t) + i) ; D, = D. + + i) 

we obtain for the values of and a the values 1*9528 and — 0*0208 respec- 
tively, and for D, and p respectively —5*75 . 10"* and —0*29 . 10“*. It is 

0 6 , 

0 4 V-0 



-OZ 

"*0 io 2U 30 40 ^ W“ 80 

K— ^ 


Fig. 2. — Deviations of the rnensuml term differences from those calculated from 

expressions (1). 

interesting to compare the inter-relations between these constants by means 
of the well-known expr(*ssions 

a = 

D. = 4B.»/(to.)* 

Adopting 2208 cm.“^ for the value of to, wc obtain a = 0*010 and 
D, = 6*93 . 10“* in satisfactory agreement with the experimental values. 

The Spin Doubhruf, 

In deriving the values of the rotational constants no account has been taken 
of the fact that the rotational levels are closely doubled, due to the fact that 
the electron spin vector is slightly coupled to the nuclear angular momentum, 
BO that two slightly different values of the rotational term are poesible, 
according as the spin sets itself parallel or anti-parallel. The levels have 

* B, is invenely proportional to the moment of inertia. The term with the nn*Wni<»nt 
D, is added to take account of the nrellmg of the molecule under centrifugal foroee. 
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been treated as single and, strictly speaking, the constants just derived are only 
valid for their “ centres of gravity.’* The scheme of fig. 1 shows that the two 
oompononts resulting from the doubling belong to two distinct families the 
members of which do not inter-combine, so that it is impossible from direct 
measurement to decide anything about the relative displacement of the two 
families. It is usual to take account of the doubling by adding to the rotational 
energy terms a small spin-couplmg factor which is assumed to have the form 
± Y (^)> completed term is of the form* 

F=B,K:{K f i) + D, [K(K l-l)? + ^{K)«i:Y(K) 

As a way out of the difiSculty Ornstem and van Wijkf have assumed that the 
coupling factor is of the form y W given above, and, supposing that the 
coefficients for the initial and final states have the values and y, respectively, 
have endeavoured to find the numerical values by plotting the values of the 
doublet separation of the succcsaivtj lines of a branch against (K) The points 
should he on a straight lino ; the intersection of this lint' with the v axis gives 
the value of y, and the slope of the line gives (y^ — y,) As (‘Vidcncc that thisy 
have correctly assigned the values of (K + i) and (K — to the components 
of the doublet (they associate (K + |) with the high frequency, (K — with 
the low frequency component of each doublet) they point out the fact that it 
is the high frequency component in each case which has the greater intensity, 
and that since the mtensity expressions contain th(i statistical weight factor 
(2J 4* 1) so that the relative mtensities of the (K — and (K + J) com- 
ponents will be as K : K 4“ 1» it' is ^ii^t their assignment is the correct 
one. The same point has been made by Coster and Brons (toe. oxt,). In the 
opinion of the writer too much weight should not be placed on these intensity 
differences. Where they can be measured they are always much greater than 
is to be expected from the simple explanation just given. In the region 
K = 70 where they should be of the order of 1 per cent., i.e., not measurable, 
they are indeed of the order of 13 per cent, and very evident It may be that 
the phenomenon is similar in nature, though smaller m magnitude, to that 
exhibited by other -^*2 bands, for example in the C bands of CoH one 
component can under certam circumstances be entirely missing, and again in 
some of the HgH bands one component is several times the strength of the 

* Aotually the factor for the (K — t) torm is — y f )» ^he (K -f* 1) term it 

is 4 y(K), but the form given above is amply sufficient for practical purposes. 

t * Z. Physik,' vol. 49, p. 315 (1928). 
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other.* It ia clear therefore that the assignment of (E + i) ^ the high 
frequenoj component must iemain> although plausible, an assumption. 
Plotting the values of the doublet separation with this assumption against 
(K) leads to the following results for the spin-coupling factor. The accuracy 
is not sufficient to be able to distinguish between the v" = 0 and v" = 1 
states. 

Rotational energy level (spin-doubling) separations — ^ 

for the v' = 0 state + 0*013 (K) cm."^ (+ 0*013), 

for the v" = 0, v" - 1 states -f- 0*002 (K) cm."^ (— 0*002). 

The actual values themselves are probably not very accurate ; it is only the 
dijSerence 0*011 which has any pretensions to accuracy. The measurements 
of Coster and Brons when treated in a similar manner yield the values given in 
brackets, so that it is probable that the splitting of the v" states is extremely 
small. 

These values are not in agreement with those of Omstein and van Wijk 
{loc, who give no estimation of the relative accuracy of their measure- 
ments. It is probable, however, that these permitted only a rough estimate 
of the size of the constants. 


The Pertwrbaiions. 

Before discussing the perturbations in any detail it will be advisable to give 
some account of the present point of view regarding them. The question of 
when disturbances in the normal spacmg of the rotational energy levels of a 
molecule may be expected to occur has been investigated by Kronig,t who 
finds that two states will mutually perturb each other if they possess the 
following necessary peculiarities : — 

(1) Their energies are equal. 

(2) They both have the same total angular momentum J. 

(3) If both states have the same multiplicity. 

(4) If the values of A do not difier by more than 0, +1, —1. 

• E. Hulthen, ‘ Phys. Rev./ vol. 29, p. 97 (1927) ; ‘ Z. Physik/ vol. 60, p. 332 (1928). 

t These valuoa may be oompaied with those of the very similar CN bands. For the 
ground state, v" » 2, the spin-doubling oan be represented by + 0*0082 (K + 4), 
the (K + I) levels are above the (K — levels as in the bands. 

t * Z. Phywk,' vol. 60, p. 847 (1928). 
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(6) Both must possess the same symmetry properties, i.c., both positive or 
both negative, and if the nuclei are equal, symmetric or anti-symmetric, 
gerade or ungerade. 

The perturbations in the He^ spectrum investigated by G. H. Dieke* bear 
out the postulated conditions very well. The subject has been carried a stage 
farther by lttmann,f who has applied the methods of E^nig’s paper to the 
special case of *2, *11, mutually perturbing levels, since it is for this case that 
we have in practice the most precise information. Ittmann finds that for a 
case (a) *11 level (inverted) and a case (6) *2 level the perturbations should 
have the general characteristics of fig, 3. Confining attention to the *2 level, 
and supposing that the levels intersect at the angle shown in the diagram, we 



Fio, 3.— Mutual perturbation of and ‘II levels. 

note the following sequence. The first perturbation, going from low to high 
rotational levels, affects only the one member of the doublets, the other member 
behaving quite normally. Next follow two perturbations in close proximity 
to one another, and both doublet components are affected. Finally, there is 
a fourth perturbation in which again only one of the doublet components is 
affected. In each case the levels before the disturbance are deflected in the 


♦ ‘ Phys. Rev.,’ vol. 38, p. 640 (1931). 
t ‘ Z. Physik,’ vol. 71. p. 616 (1931). 
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direotiion of lower energy, whilst those following are deieoted in the opposite 
direction. In the neighbonrhood of each perturbation extra lines may appear 
due to the fact that the perturbed levels acquire some of the properties of the 
perturbing levels, and vice versa, so that transitions may occur which are 
normally prohibited. It has been possible to check these conclusions from the 
GN bands, where the perturbations have been dealt with by Bosenthal and 
Jenldns,* Ittman {loo. cU.) and recently by Jenkins, Roots and Mulliken.t 
The measure of agreement between experiment and theory is very satisfactory. 
Another recent and very interesting example, in which a *n| and a ‘Iff ate 
the perturbing states has been found by Rydberg^ in the HgH bands. 

In the case of GN the perturbing levels are the a*S lower state of the molectde 
(v" = 11) and the inverted *11 upper state, written *!!», of the red ON bands 
(o' ss 6). The upper state of the violet ON bands (o' = 12) is also per- 
turbed, but this does not seem to have been discussed. In the case of the N,'*' 
bands the situation is a little different. It is the upper *S level (o = 0, 1 , 3, 
5 ?, 8 1, 9 ?) which is perturbed, and the perturbing level is unknown, though 
it is a very plausible assumption that by analogy with the very similar GN 
molecule we have also in this case a *11 ( level. The upper level of the N^*^ 
bands is probably *£„'*' and the ground level, so that there are two possi- 
bilities for the *n level. It could be *11, and in the neighbourhood of the upper 
level, the transition *S„''' - *■ *11, being in the infra-red (*11, -+• *2, is, of course, 
prohibited) or it could be *1I„ and in the neighbourhood of the ground states 
with the transition *!!„ -* *£,'*' in the infra-red. That it is actually *11. is 
more likely from electron configurations, whilst it is definitely required by the 
mete presence of the perturbations (see rule 5 above). We are now in a 
position to discuss the perturbations of this paper, and to endeavour to link 
them up with those of the v' = 1 and v' = 3 levels treated by Coster and 
Brons (loo. eU.). 

The presence of the perturbations is apparent from a more glance at the 
bands, Plate 21, the disturbance in the neighbourhood of P(40) being especiaUy 
obvious. A closer inspection reveals the expected perturbation at R(38) 
a somewhat similar disturbance close to P(67) and R(65), and a number of 
irregularities in the doublet spacings. All those are identical in both hand« 
so that it is clear that it is the v' = 0 state which is affected. The perturbed 
levels were found by a process of continuous extrapolation An examplf. 

* ‘ Froo. Nat. Aoad. Sci.,’ vol. 16, p. 896 (1929). 

t ‘ Phys. Rev.,’ vol 39, p. 16 (1932). 

t ‘ Z. Physik,’ vol. 73, p. 74 (1932). 
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will make this clear. It is supposed that the progiesa of the initial levels has 
been determined as far as K ~ 37 and it is desired to locate the levels K = 39. 
The lines proceeding from this level are R(38) and P(40) ending on the levels 
K = 38 and K = 40 respectively. These are unperturbed and may be 
predicted with some ccrtamty to be separated 300*82 cm.“^ for v*' = 0 and 
297*79 cm.“^ for v" = 1. There are three P and three R lines in each band 
which give differences of 300*78, 300*79, 300*82 and 297*78, 297*81, 297*83 
respectively. If these are the lines sought the R lines should give, when com- 
bined with P(38), identical values for each band. When this test is applied 
the 0, 0 band gives 304*36, 314*81, 322*69, compared with 304*34, 314*83, 
322*61, from the 0, 1 band, which is fairly conclusive evidence that the levels 
have been located. In this manner the gaps were filled in, accounting for 
all the lines in the disturbed regions in the major perturbation of both bands. 
It is now possible to determine the extent to which the levels depart from a 
regular spacing. The results of a comparison with expressions (I) in the 
region of the perturbations are given in Tables V and VI and are also shown 


Table V. — Observed and calculated levels m the neighbourhood of the per* 

turbation at K = 39. 

The calculated levels are based on the level K =s= 30 For the observed 
levels the assumption is made that F (31) — F (30) = 127*84 cm."^ A 
similar assumption has had to be made at K = 44, where it has been 
assumed that the separation of the (K — and (K + }) sub-levels is 


0*86 
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Table VI. — Observed and calculated levels in the neighbourhood of the per- 
turbation at K = 66, 

The levels are based on that of K = 60. The additional assumptions 
are made that (a) F (61) — F (60) = 247*28 cm.”^ ; (6) at K = 68 the 
separation of the (K — J) and (K + 1) sub-levels is 0*62 cm.“^ 


K. 
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m fig. 4. It IS clear from this diagram that in both perturbations it is both 
components which have been affected. This is comparable with the per- 
turbation of the v' = 12, upper level of CN, but is in sharp contrast 
with that of the v' = 1 level of where, as in the v" = 11 level of CN, the 
first perturbation extends only to the one doublet component. At first sight 
it appears that several additional lines have put in an appearance. It is 
suggested, however, that what has really happened is that each component 
has been perturbed twice in rapid succession, the course of the levels in the 
region of the perturbation being roughly that of fig. 4. According to this 
view the disturbances at K = 39 and K = 66 are due to successive vibrational 
levels of the *11 state, and should thus have very similar appearances. It is 
difficult to pronounce an opinion upon this, as the band lines are fadmg out at 
K = 66 and it is quite possible that some faint Imos have been missed, but it 
is significant that the two levels which one would expect to see affected, viz., 
the K — ^ component of K = 63 and the K + J component of K = 69, are 
indeed both displaced. If this interpretation is correct then the perturbation 
at v' = 1, K = 13 and that just discussed at v' — 0, K = 69 are caused by 
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ont* and the same vibrational level of the *n state. A somewhat uncertain 
extrapolation from the perturbations lends support to this view. Extra- 
polating from the K = 39 perturbation indicates that the *11 state involved is 
located some 900 cm.“^ above the o' = 0 *S state with a value for of approxi- 




5^0. 4, a above, and b below,— Showing the tliaplacement of tho UveU in the region of the 
pertnrbatioDfl. Thia diagram is plotted from the results of Tables V and VI. The full 
ctndet represent the (K — J) levels, the open circles the (K J) levels. 
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mately 1*50. Using this value of and extrapolating from the K = 66 
perturbation shows that the next vibrational level of the *II state is situated 
at approximately 2430 above the v' = 0 state, and crosses the v' = 1 
levels at J — 14. The relative disposition of the perturbing levels is thus 
that of fig. 6. 
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Fra. 6. — The relative positions of the *11 and Tl vibrational levels indicated by the 

perturbations. 

An interesting detail for which no explanation is put forward is the “ stagger ” 
of the levels from K = 43 onwards, shown in fig. 4. This may be connected 
with the fact that the doublet separations, from the point at which they become 
measurable until the perturbation sets in, are alternately larger and smaller 
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than the mean value. Thm latter phenomenon is barely diwemible, but is 
thought to be real. 


Summary. 

The 0, 0 and 0, 1 first negative nitrogen bands cnutted from an ai*c have 
been examined under high dispersion The structure has been followed to 
high values of the rotational quantum number, and this has permitted an 
accurate estimation of the rotation constants of the v** = 0, v'* — 1 ^ 

ground states and th<*"v' = 0 ' upper state Values for the spin-doubling 

constant have also been obtained. The extension of the band structure 
has brought to light two perturbations of the v' = 0 ; *2 upper state which 
are related to those already known to exist in the v* = 1 and ti' = 3 states. 
With the information derived from the new pt^rt-urbations, tentative estimates 
of the position of the hypothetical *11 perturbing levels can be made. 

In conclusion, it is the writer’s pleasant duty to thank Professors H. Konen 
and R. Mecke for their hospitality and the many kindnesses extended to him 
at the Physics Institute, Bonn, when‘ the experimental work was carried out. 
He is also indebted to the Director and Managers of the Royal Institution for 
the opportunity which they have provided to complete the work. 
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The Energy Distribution among the Positive Ions at the Cathode of 
the Glow Discharge through Gases. 

By R. M. Chaudrhi and M. L. Oliphant, 

(Communicated by Lord Rutherford, F.R.S. — Received June 4, 1932.) 

Tho <*norgy distribution among the positive ions which strike the cathode 
of the glow-diHchargo through gases is of some importance in the theory of the 
phenomenon,* and as very little is known about the mean-free-paths of ions 
in gases it is difficult to make an estimate of this distribution. Attempts have 
been made in the past to measure this quantity by p<‘rforating the cathode 
and applying retarding potimtials to the ions which penetrate through.f 
The positive ion photographs obtained by the parabola method of Sir J. J, 
Thomsonf give information concerning the distribution in a strongly abnormal 
discharge. These last, and observations of the Doppler effect§ in canal-rays, 
suggest that there are particles present with (morgies corresponding with a fall 
through the full potential drop across the dark-space, while the retarding 
potential measurements of Von Hippel show a sharp upper limit to the energy 
at between 0*3 and 0*5 of the total cathode fall. The dark-space stretches 
over 20 to 100 molecular free-paths, so that if ions are present with the full 
energy corresponding to the cathode fall they must have relatively long free- 
paths 111 the dark-space. 

We have carried out measurements of the energy distribution among the 
positive ions which penetrated through a slit in a plane cathode into an 
evacuated space beyond, by a retarding potential method and by the method 
of focussing at 127® 17' in an inverse first power electrostatic field. || 


The Retarding Potential Meamrements. 

The apparatus was designed to avoid as far as possible the effects produced 
by the secondary electrons set free from the collector and from slits, etc., 

♦Compton and Morse, ‘ Phys Rev.,’ vol. 30, p. 306 (1927); Morao, ‘Ph>H. Rev.,’ 
vol. 31, p. 1003(1928). 

t Von Hippel, * Ann. Physik,’ vol. 81, p. 1046 (1926). 

X ** Rays of Positive Electricity,” Longmans, Green k Co. (1921). 

§ Johnson, ' Froo. Phys. See.,’ vol. 39, p. 26 (1926). 

II Hughes and Bojansky, ' Phys. Rev.,* vol 34, p. 291 (1029). 
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while ionisation was avoided by keeping the pressure at a very low value. It 
is shown diagrammatically in fig. 1. 

The nickel anode A and cathode 0 are plane parallel electrodes about 3-5 cm. 
in diameter and 8 cm. apart. The cathode is in the form of a rap of thin 
copper fitting tightly ov(‘r the end of a glass tube and tied on firmly by binding 
the overlap with coppt^r wire. At the centre of the cathode there is a slit, 
10 mm. long by 0 * 5 mm wide Immediately behind this is a Faraday cylinder 


Positive 



F with a slit in the front surface somewhat wider than the slit m the cathode 
and placed as close to the back surface of the cathode as possible. A plate P, 
inside the Faraday cylinder, was charged to a potential of about 40 volts ; 
this prevented the escape of secondary electrons. Varying retarding potentials 
could be applied between C and F by means of a potentiometer L, which was 
placed across the terminals of the discharge itself. The electrode system was 
set up inside a glass tube about 4*5 cm in diameter. Air or any other gas 
could bo let into the tube through a leak, and the pressure adjusted to any 
desired value as measured with a McLeod gauge. The gas which leaked in 
through the hole in the cathode was pumped away with a steel diffusion pump 
and the pressure on this side of the diaphragm could be kept at a very low 
value. The discharge potential was obtained from a high voltage generator 
and the current was adjusted by alteration of the filament temperature of a 
two-electrode valve in series with the apparatus. 
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Residts. 

The retarding potential curves obtained under a variety of conditions are 
typified by those given in fig, 2. The apparent positive ion current falls from 
a maximum with zero retarding potential on the Faraday cylinder to zero at 
a potential corresponding to 0*3 to 0*6 of the discharge potential. After 
that it reverses and with a retarding potential equal to the full potential across 




(a) Above (1) t 0-6 m.a.. v = 2900 volts, P = 0 033 mm. Hg. ; (2) i = 1-0 m.a.. 
V = 2000 volte, P = 0*06 mm, Hg. (b) Below (1) i — 0*6 m.a., v =* 1270 volts, 
P 0-06 mm. Hg. ; (2) » = 0*2 m.a., v = 1000 volts, P == O-OS mm, Hg. 
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the discharge an electron current of the same order of magnitude as the original 
positive ion current flows to the Faraday cylinder. This electron current does 
not saturate but increases continually with increasing positive potential applied 
to the collector. It may arise from several causes : — 

(1) The penetration of the field between the cathode and the Faraday 
cylinder through the slit in the cathode may result in electrons from 
the discharge m the immediate neighbourhood of the slit being drawn 
to the Faraday cylinder. 

(2) Radiations and metastable atoms may penetrate through the slit and 
give rise to electrons from all the surfaces which they strike.* This 
gives a current which reverses with the potential and which it is very 
difficult to allow for. 

(3) Positive ions are retarded by the field between the cathode and Faraday 
cylinder and the slower ions return to the back surface of the cathode 
and may there set free electrons which then travel to the Faraday 
(cylinder. 

Experiments of Oliphantf show that excited atoms travel in large numbers 
through a hole in a canal in a negatively charged Langmuir probe, and it 
seems likely that these will also be present in the stream passing through the 
slit in the cathode used in these experiments. Ratnert has shown that 
reversible currents of very large magnitude flow between electrodes placed 
inside a large cathode so constructed that no charged particles could possibly 
reach them from the discharge itself, but to which radiations and metastable 
atoms could readily penetrate. Also positive ions with energies of one or two 
hundred volts can set free electrons from gas-covered surfaces, such as those 
used in the present experiments, with an efficiency approaching 100 per cent., 
so that retarded positive ions might account for a relatively large electron 
emission from the back of the cathode. It is impossible to make any estimate 
of the magnitude of the electron currents which might arise from (1). In any 
case the variation of this electron current completely masks the variation of 
the positive ion current with variation of the retarding potential 

An attempt was made to prevent the electrons from leaving the surfaces at 
which they were generated and reaching the Faraday cylinder by applying 

• OHphant, ‘ Proc. Roy. Soc.,’ A, vol. 124, p. 228 (1029). 

t Oliphant, he cU, 

t ‘ Proo. Nat. Acad. Sci. Wash vol. 16, p. 318 (1929). 
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a transverse magnetic field. The width of the dark-space was much reduced 
thereby, but the electron current still persisted. To prevent penetration of 
the field through the slit and also m an attempt to reduce the secondary emission 
from the back of the cathode, a grid was placed between the slit and the 
Faraday cylinder and charged to a potential of — 2 to — 410 volts with respect 
to the cathode. This produced a marked change in the shape of the curve for 
low retarding potentials, possibly owing to capture of some positive ions by 
the grid, but beyond 100 volts the curve was very little changed, even with the 
addition of a magnetic field. 

Experiments designed to find the energy distribution among the positive 
ions striking the cathode have been described by Von Hippol (foe. ciL). Using 
a retarding potential method he obtained a curve of exactly the same form as 
those given in fig. 2, but he appears to have cut off the curve quite arbitrarily 
at the point where the positive ion current fell to zero, and does not mention 
the reversed current. His conclusion that the maximum positive ion energy 
was 0-3 to 0-5 of the total energy corresponding to free fall through the dark- 
spuce is therefore untenabb* 

The Focussing Method, 

A magnetic velocity analysis of the ions which |>enetrate through the hole 
m the cathode is not easily carried out, for the ions have different masses and 
it is difficult to shield the discharge itself from the strong fields required. An 
electrostatic analysis was therefore made by the method of bending the 
particles through 127° 17' m an inverse first power electrostatic field (Hughes 
and Rojansky, he, ciL) and focussing upon the slit of a Faraday cylinder. 
This method avoids the troubles produced by secondary electrons from the 
discharge and slits, for these are bent in the opposite direction and can 
never reach the collector. This latter was made narrow and long to reduce 
secondary emission, and a small electric field was applied for the same purpose 
between the defining sht in front of the Faraday cylinder and the collector 
itself 

The Apparatus, 

The discharge took place between the anode A and cathode C, fig. 3, placed 
about 8 cm. apart in a pyrex tube 5 cm. in diameter. Ions passed through 
the slit S} into the evacuated space beyond where they were bent round in the 
arc of a circle of 6 *25 cm. mean radius by means of an electrostatic field between 
the two curved plates P turned from an alloy of aluminium and zinc. These 
plates were geometrically secured 5 mm. apart by screwing the upper one to 
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the back of the cathode, while the lower plate was fastened concentric with 
it by means of insulating strips of mica held by screws. The angle turned 
through between the first slit and the defining slit was carefully arranged 
to be 127“ 17'. Ions which were focassed upon Sj entered the Faraday 
cylinder F. Secondary emission from Sj was prevented from reaching F by 
applying a small electron retarding potential between Sj and F. The cathode 
was fastened into the glass tubes by winding para-rubber strip about the 
joints LL and paintmg with ceUuIose enamel. These joints were kept cool 
by the water jacket shown in the figure. 



The slit Si was about 0-5 mm. X 1 -0 mm., while Sj was 10 mm. X 1 -0 mm. 
A large four-stage Gaede diffusion pump together with a trap of low resistance 
was used for evacuating the analysing side of the apparatus where the pressure 
was kept below 1()“* mm. of Hg. The gas used entered by way of a fine leak 
from a reservoir at a suitable pressure. The tube oontainmg the deflecting 
plates and Faraday cylinder was silvered to prevent disturbances arising from 
charges on the glass walls. 

The current to F was measured with a galvanometer of sensitivity about 
10'“ amp. /mm. The bending potential between the plates P was obtained 
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from a battery of small accumulators giving 1000 volts, and was applied 
through a potentiometer. This potential and the potential across the discharge 
itself were measured with suitable electrostatic voltmeters, and on account of 
the inherent weaknesses of this type of instniraent are subject to rather large 
errors. 

The Heavits, 

In order to obtain reproducible results it was necessary to keep the pressure 
m the analysing side of the apparatus at a very low value, for the proportion 
of slow ions reaching the Faraday cylinder decreased rapidly with increase in 
pressure. For instance, neglect to apply liquid air to the trap gave a pressure 
of mercury vapour sufficient to prevent all slow ions from ever reaching the 
collector. However, when liquid air was applied and the pumps were running 
well the curves obtained were strictly reproducible. 

Fig. 4 shows a typical curve obtained with air. It will be seen that ions are 
present with all energies from practically zero up to the full energy corre- 
sponding to th(‘ potential across the discharge. There is a maximum in the 
curve in the region of low energies and a relatively sharp fall off in the number 
of ions at an energy very nearly that given by the cathode fall of potential, 
assumed equal to the potential across the discharge. There is a “ tail ” to 
the curves on the high velocity side, but we have assumed that this is experi- 
mental, and take as our maximum energy that given by the point of inter- 
section of the tangent to the steep end part of the curve with the voIt-axis. 

A senes of curves taken with air at the same pressure as in fig. 4 is given 
in fig 6. The different curves correspond to different discharge currents, 
and, since the discharge is abnormal, to different potentials. The curves 
are similar to one another, and it is seen that the energy corresponding to the 
maximum number of ions does not depend on the discharge potential or current. 
It is a function of pressure alone. In figs. 6 and 7 two further series of curves 
for air are given, taken at different constant pressures, one lower and one 
higher than in fig. 5. The curves are of the same general shape in different 
series. The small differences will be discussed later. 

The curves obtained at a considerably higher pressure and shown in fig. 8 
exhibit, however, a different character. The maximum of the curve occurs 
at or near zero energy. It is thus obvious that the maximum of the curve 
shifts towards zero energy as the pressure increases, while the relative number 
of ions with energy near that corresponding with the discharge potential 
decreases with the increase in pressure. At lower pressures the maximum is 
broad, while at higher pressures it becomes sharper. 
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In fig. 9 we have given curves taken at a constant voltage, but with different 
pressures and hence different discharge currents. It will be seen that the slope 
of the curves for energies greater than that corresponding with the maximum 
increases with increase of pressun*. Increase of the discharge current leads 



Fia. 4.— Gas = air, P = 0*0346 mm Hg, 
V ~ 2200 volts, i — 0-60, 0*68 m.u 



Fio. 0.— Oas = air, P =- 0-0666, 0-0675 
mm. Hg. (1) t — 2-0 m.a., v = 2076 
volts ; (2) i » 1 - 5 m.a., v = 1760 volts ; 
(3) i — 1-0 m.a., v ^ 1480 volts; (4) 
%=^0 $ m.a., V = 1200 volts. 



Fio. 6 —Gas — air, P - 0 0346 mm. Hg. (1) 

1 — 1 2 in a , i» - 3700 volts ; (2) i = 1 -0 

in a , r -- 28.^0 volts, (3) i 0-50, 0-68 

III a , r — 22(M) voltH , (4) • — 0-25, 0-30 

iii.a„ V 16W) volts. 



Fio. 7.— OaH -- air, P - 0 020 mm. Hg, (1) 
I as U-8 m.a., V ~ 3500 volts ; (2) < = 0-46 
m.a., e — 3050 volts. 
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to a greater increase in the number of ions with energies in the neighbourhood 
of the maximum of the curve than of ions with greater energies. 

The curves given are typical of a large number obtained in these experiments, 
for a range of pressure from 0-02 mm. to 0-12 mm. of mercury, this being the 
range over which a discharge could be niamtained easily with a low enough 
pressure behmd the cathode. 



Fig. a.— Oas — air, P = 0*124 
min. Hg. (1) i =: 4*0 m.a., 
V ~ 1100 volts ; (2) * — 3*0 
ni.a., V = 990 volts ; (3) 
I = 2*0 m.a., V = 870 volts. 


Fig. 9. — Gas — air, discharge volts =- 2800. (1) 
% - 2*0 m.a . P = 0 0416 mm. Hg; (2) 
I -- I 0 m.a , P ^ 0*033 mm. Hg ; (3) % == 0*8 
m.a., P — 0*0305 mm. Hg, t? = 2760 volts; 
(4) i - 0*6 m.a., P — 0*0265 mm. Hg. 


Similar curves were taken with hydrogen and with argon. Experiments 
could not be performed with hydrogen over as great a range of pressure as 
with air, owing to its high sparking potential and to the rapid diffusion through 
the slit giving a high pressure behind the cathode. The curves obtained and 
given in fig. 10 are, however, similar to those obtained in air. The maximum 
lies in the neighbourhood of zero energy for all pressures used. The positive 
ion currents obtained with hydrogen were always much larger than those 
obtained with the same discharge currents in air or argon at similar pressures. 
Typical curves for argon are given in fig. 11, and it is evident that they are of 
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tho Hame general character as those found for air and hydrogen, but the currents 
obtained to the Faraday cylinder for a given discharge current and pressure 


were smaller than for those gases. 

It is obvious from all these results that in air, hydrogen and argon, the 
maximum energy of the positive ions which strike the cathode, at all pressures 
and current densities which have been used, corresponds with the full potential 
on the discharge tube, within 10 to 15 per cent. The results are collected in 


Table I. 


Table 1. 


Gan 

PrH«fluri> 

Discharge 

current 

Discharge 

potential. 

1 Maximum energy 
of 

positive ions. 

Air 

inm of 

0 124 

0 085 

0 124 

0 066 

0 056 

0 0.34 

0 05<1 

0 047 

0 056 

0 034 

0 028 

0 030 

0 026 

0 033 

0 041 

0 034 

0 020 

0 037 

0 020 

0 034 

m a. 

1 2 0 

1 0 

4 0 

0 5 

1 0 

0 25 

1 5 

1 35 

2 0 

0 50 

0-90 

0 so 

0 60 

1 0 

2 0 

1 0 

0 45 

1 7 

0 8 

1 2 

volts 

870 

1030 

1100 

1200 

1480 

1680 

1750 

1040 

2075 

2200 

2550 

2760 <1^ 

2800 

2800 

2800 

2850 

3060 

3300 

3500 

3700 

volts 

907 

1036 

1198 

1231 

1458 

1684 

1782 

1800 

2041 

2009 

2268 

2462 

2430 

2462 

2462 

2462 

2462 

2500 

2754 

2950 

3142 

H. 

0 106 

1 0 

1150 

1231 


0-196 

2 0 

1420 

1426 


0 161 / 

1 0 

0 9 

\ 1520 

1523 


0-103 

0 2 

2200 

1976 


0-103 

0-4 

2650 

2397 

Ar 

0134 

4 2 

1370 

1303 


O' 134 

7 0 

1670 

1588 


0 056 

0 6 

2476 

2170 


0 039 ^ 

0 35 

0-30 

1 3225 

2689 


Diacmsion, 

It is seen from the above results that the energy distribution among the 
positive ions striking the cathode of a glow discharge between plane parallel 
electrodes is, in any one gas, a function of pressure alone. At any particular 
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pTossure the number of ions possessing any one energy is approximately pro- 
portional to the discharge current. 

The maintenance of the glow discharge in generally assumed to be effected 
by the liberation of electrons from the surface of the cathode by the impact 
or neutralisation of positive ions. If n positive ions are required on the 
average, to produce one electron from the cathode, then the electron set free 
must produce a mean number of ions, n, sujficient to reproduce itself when 
they reach the cathode. These ions will be produced throughout the dark- 
space and, in the absence of loss of energy by collision with gas atoms, will 
strike the cathode with energy corresponding to the potential difference 
between the place of origin and the cathode surface. According to Aston* 
the field in the dark-space is a Imear function of the distance from the edge of 
the negative glow, but observation of the Stark effectf shows that the field 
exhibits a maximum in the immediate neighbourhood of the cathode, and falls 
off rapidly between there and the surface. Tlie number of ions produced by 
an electron per centimetre of its path through a gas is a function of the energy. 
It IS zero for energies smaller than the ionisation energy, increases linearly 
from that value to twice the ionisation potimtial and then more slowly to a 
maximum at an energy which lies, in general, b<^tween 50 and 100 volts, 
thereafter decreasing. The existence of tins maximum affords a qualitative, 
though not quantitative, explanation of the normal cathode fall of potential.} 
Let us see what energy distribution among the positive ions would follow from 
these facts. 

Electrons set free from the cathode surfai^e will not produce ions till they 
have fallen through the ionisation poti'ntial of the gas. Thus, m the absence 
of collisions, there would be no ions colliding with the cathode with energy less 
than this value. At reasonably low pressures in air and argon the number of 
ions with energies less than about 300 volt.s falls off rapidly with decrease in 
energy and appears to be very small indeed for low energies, as shown m fig. 4. 
It is difficult to make any quantitative estimate of the way m which the ionisa- 
tion will vary with distance from the cathode, for the field is varyuig, while 
the original electrons will be mixed with the new-born ones resultmg from the 
ionisation along the path. It can be shown (J. J. Thomson, loc. cU,) that 
Aston’s linear vanation of the field is consj>^teiit with the assumption of 
uniform ionisation throughout the dark-space. Hence we would assume that 

* ‘ Proo. Roy. Soc.,’ A, voJ. 84, p. 526 (1911). 

t Broee, ‘ Ann. Physik,* vol. 58, p. 731 (1919). 

} Steinbeek. ‘ Z. Physik,’ voJ 53, p. 192 (1929). 


2 Y 


VOL. CXXXVII. — A. 



674 R. M. Ghaudrhi and M. L* Oliphant. 

the number of ions with any given energy would increase rapidly above the 
ionisation potential, approaching a constant value which would be main- 
tained, in the absence of collisions, up to the potential corresponding to the 
cathode fall, and would then drop suddenly to zero. The experimental energy 
distribution curves show a maximum, however. 

The cathode dark-space is of the order of 20 to 100 molecular free-paths in 
thickness, but, owing to lack of knowledge of the relation this bears to the 
mean-free-paths of positive ions, we cannot calculate the loss of energy of the 
ions as they pass across the dark-space. Experiments on the mean-free-path 
of positive ions in gases have been made by several investigators,* but the 
results obtained have little application to the discharge since they have practi- 
cally all been carried out with ions moving in some different gas. There is 
also the difficulty that there are two different processes by which the energy 
of the positive ions may be degraded. Firstly, ordinary collisions between the 
ions and the atoms of the gas, which have the same mass, will lead to loss of 
energy and to deviation from the original path. Secondly, a process of electron 
exchange may take place between the ion and neighbouring atoms, by which 
the ion is neutralised and a fresh ion produced without there being, necessarily, 
any exchange of kinetic energy. This process has been investigated by Eallman 
and Rosen, t who found that the probability of this transfer depended very 
markedly on the relation between the neutrahsation energy of the ion, N, 
and the ionisation potential of the neutral atoms, I. When the difference 
(N — I) is largo the probability of transfer of the electron is small, but it 
increases rapidly as (N — I) decreases to small values, approaching a finite 
maximum when (N — I) is zero. Now in the discharge in simple gases we 
are concerned with the passage of ions through the gas from which they 
originated by simple ionisation, so that N and I are identical. It follows that 
the process of capture of electrons will be very marked, and that fresh slow 
ions will be produced throughout the dark-space by the neutralisation of the 
original ions. It is impossible to make any quantitative estimate of the 
frequency of the exchange, as it is certain that the presence of a large electric 
field will considerably modify the value found in a field-free space. However, 
it is possible that this process would account for the presence of the peak found 
in the experimental energy distribution curves given in this paper, with the 
resulting preponderance of slow-moving ions. 

* Dempster, * Proo. Nat. Aoad. Soi., Wash.,* vol. 12, p. 06 (1926). 

t ‘ Z. Physik,* vol. 61, p. 61 (1930). 
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Under the conditions which exist in moat discharge tubes the number of 
electrons set free from the cathode by the impact of a positive ion increases 
with the eneigy of the ions. The cathode fall of potential is much reduced if 
the efficiency of liberation of electrons by the ions is increased. For instance, 
in the same gas the cathode fall is much greater with the negative electrode 
made of a metal such as clean platinum than it is when that electrode is covered 
with an alkali metal. It is known that the impact of a positive ion of given 
energy sots free many more electrons in the latter case than it does in the former. 
Now if the ions which traverse the dark*spaco lose much energy by collision 
we would expect that a reduction of the length of the path of the ions through 
the gas before they reached the cathode would increase their average energy, 
and hence decrease the cathode fall by mcTease of the number of electrons 
liberated. A magnetic field applied to the discharge parallel to the cathode 
surface reduces the width of the dark-space by curving the paths of the electrons 
which probably traverse the same length of path through the gas in travellmg 
to the negative glow as they did in the abaenre of the field. However, the 
positive ions will be scarcely affected by the small field required, and will now 
traverse a much smaller path through the gas before colliding with the r;athodc. 
We would expect a reduction of the cathode fall of potential under these 
conditions. Holm* has shown that the width of the dark-space may be 
reduced to one-tenth of its original value without appreciably altermg the 
cathode fall. This would indicate that the energy distribution of the ions 
was unaffected by the presence of the field and the reduction in the length of 
path through the gas. We must conclude that the ions make few, if any, 
collisions with gas molecules which result in a loss of kinetic energy as they 
traverse the dark-space. On this account it is perhaps not surprising that we 
find some ions present which have the full energy corresponding to the cathode 
fall of potential, as shown in the curves given in this paper. 

We have tested the conclusions of the last paragraph by applying a magnetic 
field parallel to the surface of the cathode of the second form of apparatus, 
and determimng the energy distribution among the positive ions. It was 
found that the mean of two distribution curves taken with the field in each of 
two opposite directions was identical with the distribution found without the 
field, even when the dark-space was reduced to one-half or less of its former 
value. We are thus led again to believe that positive ions do not lose energy 
by collision in the dark-space. This experiment also shows that the small 


• ‘ Phys. Z / vol. 16. p. 20 (1915). 
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slit in the cathode can have no perceptible influence on the energy distribution 
among the positive ions which strike it, an influence which might be expected 
on account of the reduced electron current outwards, for with a magnetic 
field the ions come from a part of the dark-space and negative glow which is 
effectively over another portion of the cathode. 

The experimental results show that the number of ions with a given energy 
increases proportionally with the current at any particular pressure. However, 
if the voltage is kept constant and the current is varied by varying the pressure, 
it is found that the number of slow ions increases with the current, i.c., with 
the pressure, more rapidly than the number of faster ions, as shown in fig. 9. 
This is possibly due to increase in the probability of electron exchange with 
increase in the pressure of the gas. 

Summary. 

(1) The energy distribution among the positive ions which strike the cathode 
of the glow discharge through gases has been determined by the retarding 
potential method and by an electrostatic focussing method. It is found that 
the distribution is independent of the current and the voltage across the dark 
space within the rather large errors of measurement. It is a function of 
pressure alone. 

(2) The maximum energy of the positive ions is equal, within the experi- 
mental error, to the cathode fall of potential 

(3) At a constant pressure the number of positive ions with any particular 
energy increases proportionally with the current density in the discharge. 

(4) At a particular voltage the number of positive ions with small energy 
increases more rapidly than the number with higher energy as the pressure, 
and hence the current density, is increased. 

(5) A partial explanation of the distribution found is offered m terms of 
the variation of the efficiency of ionisation by electrons with change in their 
energy, and of the process of electron exchange between the ions and the neutral 
atoms of gas. This discussion leads to the conclusion that the positive ions 
do not make an appreciable number of collisions with gas molecules which 
result in a loss of energy, m spite of the fact that the dark-space is from 20 
to 100 molecular free-paths in thickness. 
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By P. Wright, Pli D., Fellow of the University of Wales. 

(Communicated by Lord Rutherford, F R.S.) 

(Received June 10, 1932 ) 

It has been shown by Mott* on the basis of the wave mechanies, that in the 
case of collisions between identical particles the scattered particles should 
interfere with the projected particles travelling m the same direction. When 
a-particles are scattered in helium, if the scattered a-particles and projected 
helium nuclei of similar velocity are identical in all respects, there will be 
interference between the two streams of particles For collisions in which 
the particles act upon each other with forces varying as the inverse square of 
the distance between them, t}u‘ interference results in the scattering intensity 
varying above and below the classical value and rising to double the classical 
numbers at 45°. At small angles the scattering predicted by the quantum 
mechanics does not differ greatly from that given by the classical theory. 

An experiment earned out by Chadwickf show(*d quite definitely that for 
sufficiently slow a-particles the amount of scattering at 45° was double that 
of the classical theory. For these a-particles of low velocity the results showed 
that the forces vaned very little from Coulomb forces ; hence it was evident 
that the discrepancy was due to the failure of the classical theory. The 
scattering of slow a-particles by lielium has also been investigated by Blackett 
and ChampionJ by means of an expansion chamber. The observed scattering 
was in good agreement with the wave mechanical scattering. These experi- 
ments verify the assumption upon which Motts theory is based, namely, 
that it is impossible to distinguish between an a-particle and a nucleus of 
helium travelling at the same velocity. Thus the helium nucleus has no spm 
or vector quantity associated with it j its field of force is perfectly .spherical. 

The distance of collision for the slowest a-particles used in (Jhadwick’s 
experiments on the scattering at 45° was about 7*8 X 10 ^ cm, and the 
results suggested that a true change in the law of force takes place at smaller 
collision distances. From previous observations by Rutherford and Chadwick§ 

* ‘ Proc. Roy. Roc ,* A. vol, 126, p, 269 (1930). 
f ‘ Proc. Roy. Ssoc.,' A, vol. 128, p. 114 (1930). 

I ' Proc. Roy. Soc.,’ A, vol. 130, p. 380 (1931), 

$ ‘ Phil. Mag..’ vol. 4, p. 006 (1927). 
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of the scattering at small angles, it appears that the distance of approach between 
the centres of colliding particles must be nearer 16 X 10“^ cm. before inverse 
square numbers are reached. The effects of polarisation would not account 
for the departure from classical scattering at these comparatively great dis- 
tances of collision. 

In the ejcperiments* on the scattering at small angles the low velocity 
a-particles were produced by placing absorbing sheets of mica in the path of a 
beam of particles of initial range 6 *9 cm. from a source of radium active deposit. 
It is probable that these measurements were unreliable owing to the hetero- 
geneity of the incident beam brought about by the passage of the a-particles 
through the absorbing sheets of mica. In the present series of experiments 
the measurements of scattering at small angles were repeated and extended 
to scattering of a-particles of low velocity by using a-particles of smaller 
initial range, 3*9 cm., from polonium. The scattering was measured for the 
ranges of angles 8° to 12° and 12° to 18°, so without involving any appreciable 
error the results may bo taken to represent the scattermg at 10° and 15° 
respectively. Shortly after these experiments had been completed, a wave 
mechanical solution of the problem of the anomalous scattermg by helium and 
hydrogen was put forward by H. M. Taylor.f The scattering deduced from 
this theory is in close agreement with the observed scattering by hydrogen and 
is in fair general agreement with the observed scattenng in helium. 

The anomalous scattering is explained by the wave mechanics as a conse- 
quence of the scattering by the non-Coulombian fields of force. TaylorJ 
points out that, without any specific model of the nucleus, the anomalous 
scattering at any given velocity can be deduced in terms of a single parameter 
which determines the amplitude of the spherically symmetrical wave scattered 
by the region where the interaction energy differs from the Coulomb value. 
For scattering in helium, the ratio R of the number of particles scattered 
through an angle <f> to the classical Goulombian number is given by 

^ I cosec* + scc^ * -f 2i — l)/o» |» 

cosec^ <f> -f sec* <f> 

where Kq is the single parameter referred to, and a = 87uc*/vA, v being the 
velocity of the incident a-particles. 

The experimental value for R at any one given value of <f> and v determines 

* ‘Phil. Mag.,’ vol. 4, p. e05 (1927). 

t ‘ Proo. Roy. Soo.,’ A, vd. 134, p. 103 (1931). 

X * Nature,’ vol. 129, p. 66 (1932). 
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Kq for that velocity, and the formula will then predict R for other angles. If 
the values of Kq are calculated for two or more different velocities, they can be 
used to determine a model for the nuclear field. The model determined by 
Taylor from the observed scattering in helium is of the type postulated by 
Gamow to account for radioactive phenomena. 

In the more complete treatment of the problem a senes of phase constants 
Eq, E|, E 4 , Km, should be considered, though good reasons are produced 
to show that only the first term involving Kq is of importance. However, the 
term in Kj becomes zero for <f> = 27® 23' so that it would be possible to 
calculate Kg exactly from the exponmental scattering at this angle, provided 
that the remaining terms of the senes are negligible. Usmg values of Kq 
calculated from the observed scattering at 27®, it would then be possible to 
deduce the corresponding values of Kj from the observed scattering at another 
angle. With this object in view, measurements of the scattering at 27® 
(angular limits 23® to 31®) were made. It has been found, however, that the 
theory cannot be extended with advantage beyond a consideration of the 
single parameter Kq. 


The Experimental Method, 

The experimental arrangement used in these experiments was the annular 
ring method as adapted for the observation of scattering of a-particles in a gas by 



Fig. 1. 


Rutherford and Chadwick (loc, cit,). The incident beam of a*particles proceed- 
ing from a source S was an annular ring of hmits ^i/ 2 , ^ 2 / 2 , fig 1 , defined by the 
diaphragms A and B, while a similar pair C and D defined the scattered beam 
received by the counting area Z, The region of the gas effective in scattering 
particles to Z was an annular ring, shown shaded in fig. 1 . 
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For helium, the ntunber of a-particles scattered per second to unit ares at 
Z, on classical theory and for Coulomb forces, is given by 

(cosec* — cosec* 

lof* 

where 

Q = number of a-particles emitted per second by source, 

n = number of helium atoms per cubic centimetre, 

t = mean scattering path m the gas, 

f == mean distance from source to scattermg region, 

V _ 2E« 

MV** 

Similarly the number of projected helium nuclei reaching unit area at Z 
per second should be 

Qntb^ f 2 JL a ^ \ 

These projected helium nuclei correspond to a-particles scattered betvrcen angles 
7r/2 — and tc/2 — 

As in the experiments of Rutherford and Chadwick {loc. dL) and of Chadwick 
(loc, <nL) the number of particles to be expected at Z according to the above for- 
mulas was determined by comparing the scattering in helium with the scattering 
in argon under the same conditions. To calculate the numbers directly from the 
formulae it would be necessary to have theoretically exact geometrical conditions 
in the apparatus and to know the eflSiCiency of the counter, and the values of 
Q and of V. It is difficult to estimate V directly in cases where absorbing 
sheets of mica are placed over the source to produce incident a-particlos of 
lower velocity. By adjusting the pressure of the argon to give the same 
stopping power as the helium, the velocity distribution of the a-particles in 
the scattermg region can be made the same in both cases even if the beam is 
heterogeneous. It has been shown by Rutherford and Chadwick that in 
collisions between the a-particle and the argon nucleus the forces obey 
Coulomb’s Law. For scattering in argon, the number of a-particles arriving 
on unit area of the counting aperture Z per second is 

Q»AV 

(log tan ^/4 — log tan ^4 -f cot ^/2 coseo ^j/2 

— cot . cosec ^g/2) 
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where 

= number of argon atoms per cubic centimetre, 

cos 1 ^/ 2 , and t = mean scattering path in the gas, 

^/2 = 

bi = i6e. E/MV*. 


The apparatus employed is shown m fig. 2 and was similar to that used by 
Kutherford and Chadwick except tixat the scintillation screen was replaced by 
the window of a Geiger proportional counter. The needle of the detector was 



connected to a four-stage valve amplifier and the impulses recorded l)y means 
of headphones. The comiter was mounted in a large ebonite plug fixed m the 
end plate of the scattering chamber VV, and presented an aperture of diameter 
0*66 cm., covered with a mica window of 0*7 cm. stopping power, for the 
reception of the scattered particles. The counting area was tested and found 
to be uniformly efficient for the recording of a-part-icles entering the counter 
in the direction normal to the plane of the window. The case of the counter 
was charged negatively to about 1000 volts and the air in the counter was at 
the critical pressure of 10 cm. of mercury. Under these conditions the current 
from the detector was proportional to the ionisation ; hence disturbances 
due to p- and Y*rftdiation were usually small. 

The source, a disc of 5 mm. diameter, was enclosed in a brass tube T the 
end of which was covered with a thin sheet of mica or, in some cases, a film of 
collodion. This tube was provided with a separate connection, via a U-tube 
in liquid air, to the pump system, in order to avoid contamination of the 
scattering chamber. 
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The diaphragms A and D consisted of graphite sheets having circular aper- 
tures of diameter 9 mm. and the diaphragms B and G were graphite discs of 
the same diameter. The source and diaphragms were carried on a brass plate 
fixed to the base of a cylindrical brass vessel W. The source, diaphragms and 
counting aperture Z, were carefully centred on a common axis. 

To reduce extraneous scattering all metal surfaces were covered with paper. 
The apertures A and D and discs B and C had the same diameter 9 mm., the 
diameter of the source being 5 mm., so that the scattering to Z from graphite 
edges was usually negligible. The amount of contamination together with the 
natural effect could be determined at any time during an experiment by 
rotating in front of the source a graphite screen carried by the ground joint Q. 
By rotating the ground joint still further a sheet of mica could be introduced 
in the path of the incident a-particles so that the scattering of two different 
ranges of a-particles could be compared in the course of one experiment. 
Usually, the same mica screen was used throughout a series of experiments at 
any one angle of scattering and further reduction in the range of the a-particles 
was brought about by placing sheets of mica or films of collodion over the end 
of tube T in addition to the fixed mica or collodion window. 

For a-particles of range greater than about 3 cm, the active deposit of radium 
on a 5 mm button of polished nickel was used as a source, and for ranges 
shorter than 3 cm. a platinum disc of diameter 6 mm. coated with polonium was 
used. The source was fixed in the tube T and the carrier inserted in the scatter- 
ing chamber which was then slowly evacuated. A good vacuum was necessary 
in order to prevent discharges from the case of the Geiger counter to the 
scattenng chamber. The amount of extraneous scattering was then determined 
from the number of a-particles entering the counter. 

Pure hebum was admitted slowly into the scattering chamber through a 
U-tube containing charcoal which was immersed in bquid air. After com- 
pleting the observations of the scattering in helium, the gas was pumped back 
into the container and the apparatus evacuated. Argon was then introduced 
and corresponding observations carried out. 


Results and Discussion. 

Each point on the graphs given below represents the mean of the results of 
several expenments in the cases where Ra (B + C) was used as the source of 
a-particles. With helium as the scattering gas, it was usually possible to count 
several hundred particles, and with argon several thousand, in each experiment. 
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The error due to probability fluctuations is less than 5 per cent, for the mean 
values given. 

In general, the argon scattering was found to obey the Coulomb Law. 
Apparent deviations were, however, obberved with incident a-particles of low 
initial range. With the method of counting used in these experiments it was 
not feasible to carry out observations with a-particles, of energies at the 
scattering region, corresponding to ranges less than about 1 *6 cm. Owing to 
the heterogeneity of the beam, due to straggling effects, and to the fact that 
the a-particles pass through the absorbing screens at different angles, many 
of the particles fail to penetrate the mica window of the Geiger counter. This 
was evident from the observations of the scattering in argon, particularly m 
the experiments at larger angles of scattering. A marked deficiency of 
scattering was observed at 27® with incident a-particles of low initial range. 
The angular limits in this bories of experiments were 23® and 31®, the distance 
between source and counter was only 5*9 cm. compared with the distance of 16 
cm, for scattering at 10®, and the diameters of the source and counter window 
were not small compared with the diameters of the diaphragms. Thus many 
of the particles arriving near the circumference of the counter window are those 
scattered through angles greater than 31°. They enter the mica window 
obliquely and many of them fail to be recorded. 

When an a-particle is scattered through a large angle by collision with a 
helium nucleus it loses energy. It is possible that with the a-particles of 
smallest initial range dealt with in these experiments, the efficiency of counting 
was less in the helium observations than in those with argon. The difference, 
which should be small for the angles at which scattering was observed in 
this investigation, would tend to make the obserA’cd ratios smaller than they 
should be. 

The pressures of helium used varied from about 5 cm. to 46 cm, according 
to the range of the a-particles and the angle of scattering. In order to reduce 
the absorption of the scattered particles in the gas the pressure of helium was 
adjusted as low as was sufficient to give a convenient number of particles for 
counting. 

The scattering was observed at mean angles ot 10 , 16 and 27 for 
several ranges of a-particles between 1*4 cm. and 6 cm. The ratio R of the 
observed to classical scattering in helium was determined by dividing the ratio 
of the observed scattering in helium to the observed scattering in argon by 
the calculated ratio of scattermg in helium to scattering in argon. The mean 
values of R, and the average range of the a-particles at the point of scattering, 
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for the series of experiments at each of the above angles of scattering, ate 
tabulated below. 


Scattering at 10°. (Angular limits 8° to 12°.) 
Ra (B + C) source. 


Range. 

5-6 

4 0 

4.4 

3*7 

31 

2-5 

R 

0 00 

0 65 

0 51 

0 42 

0 53 

0 82 




Po source 





Range. 

3 4 

3 3 

3 2 

3 0 1 

1 

2 6 j 

2 5 

1-6 

1-4 

R 

0 01 

0 58 

0 60 

0 64 

0 78 

0 86 

0 87 

0-87 


Scattering at 15°. (Angular limits 12° to 18°.) 
Ra (B + C) source. 


Range 

5 9 

5*2 

1 4 » 

1 

4 8 1 

4 2 

3-7 

R 

25 

1-7 

1 4 

1 3 

0 03 

0-40 


Po source. 


1 

Range. 

2 8 

2 1 

H 

0 67 

0 87 


Scattering at 27°. (Angular limits 23° to 31°.) 
Ra (B + C) source. 


Range. 

6 1 

5 25 

4 7 

j 

4 3 

3 8 

3 3 

2 8 

R 

3 7 

2 S3 1 

2 26 

2 0 

1 56 

1-23 

100 


Po source. 



Range. 

3 0 

j 

2 55 

20 

1 6 


B. 

0-97 j 

0-97 

1 00 

1-2 
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In figa. 3, 4, and 5 the values of R predicted by Taylor's theory are shown 
by the broken lines. They are calculated from the formula involving the single 





0 2 HASOE 4 cm i* 


Flo. 3. — Scattering at 10°. 

parameter K©. The numerical values 
those deduced by Taylor (loc cit ) from 
assumption that the remaining phase 



? /iA\OE 4 cm 6 
Fio. 4. — Scattonng at 15°. 


of Kq used for the calculation were 
the observed scattering at 46°, on the 
constants K 2 , K 4 , , Ka„ may be 



0 2 fi\\G£ 4 € rm 

Fio. 5.— Scattering at 27°. 


neglected. It will be shown later that it is not possible to obtain from the 
observed scattering at 27° a set of values of Kq which can be used to predict 
the scattering at other angles. 
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The theoretical curves do not extend to ranges of a-particles beyond about 
5*4 cm. The e<juation for has no real solution at higher velocities, that is, 
the phase change by itself is unable to account for the large values of the 
anomalous scattering. 

The observed scattering at 10** and 16** is in general agreement with previous 
measurements* of the scattering at these angles. Divergences occur at 
shorter ranges where the earlier experiments were in error due to the effects 
of straggling, etc. For the lower velocities of a-particles used, the observed 
scattering at 10°, 16° and 27° approaches closely to that predicted by Mott for 
inverse square forces. 

Curves giving the values of Kq calculated from the scattering at 27° are 
shown in fig. 6. It will be observed that there are two values of Kq corre- 
sponding to each value of the range or velocity. Now, at low velocities the 
scattering is Coulombian, hence Kq must tend to zero as the velocity diminishes. 


JO 


A. 



iO 


0 0 


06 07 09 V/Vo 09 

Fio. 6. — ^Values of Ko calculated from scattering at 2V. v ^ velocity of incident 
oc-partioles, » velocity of a-particles from RaC, 1*922 x 10* cm./soc. 

Again, for large values of the velocity, Kq must be positive since the divergence 
of the potential field from a Coulomb one is such as to make the wave-length of 
the wave function for r < a, where r is distance from the centre of the nucleus 
and a is the radius within which the forces are no longer inverse square, less 
than the wave-length in the Coulomb field. Hence it becomes necessary to 
suppose that the two sets of values of Kq are in reality cross connected. Such 
a procedure is more dubious here than in the case where the curves for Kq are 
calculated from the scattering at 45°, and it would be futile to attempt to use 


• ‘ Phil. Mag.,’ vol. 4, p. 005 (1927), 
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valoea of K® thus determined to deduce values of K, from the observed 
scattering at another angle. Values of K, were calculated, however, from the 
lower curve for and the observed scattering at 46°, though there are objec- 
tions to this procedure. The scattering at other angles calculated by using the 
two parameters Kg and Kg was found to differ very widely from the observed 
scattering. 

It is evident that the analysis cannot be extended to a consideration of 
more than one parameter Kg The fact that the observed scattering at 27° 
does not provide a set of values of Kg, which can be used to deduce values of 
the second parameter Kg, would appear to indicate that the remaining terms 
of the series are of some importance At the same time, the scattering deduced 
by usmg the approximate values of Kg, determined from the observed scatter- 
ing at 46°, is in fair agreement with experiment. It must be concluded, 
therefore, that if more than one parameter is to be used then it is necessary to 
consider not only Kg but also the remaining terms of the senes. 

The agreement between the scattering deduced using a single parameter, 
and the observed scattering at angles 45° to 10°, is sufficiently close to support 
the general explanation put forward by Taylor, namely, that the phenomenon 
is a consequence of the wave mechanical scattering by the region of the helium 
nucleus where the forces differ from inverse square forces 


Summary. 

Earlier work by Rutherford and Chadwick on the collisions of a-particles 
with helium nuclei seemed to point to some asymmetry of the helium nucleus, 
whereas we know now, both from spectroscopic evidence and studies of 
collisions of certain types, that the helium nucleus is perfectly symmetrical. 
The present experiments have in general confirmed and extended the older 
work. The results thus suggested a contradiction in our ideas Before the 
work was completed, however, a satisfactory explanation of the anomalous 
scattering was given by H. M. Taylor on the basis of the wave mechanics. 

The experimental arrangement used in this investigation was the annular 
ring method as adapted by Rutherford and Chadwick for the observation of 
scattering of a-particles in a gas. The scattered particles were recorded by 
means of a Geiger proportional counter used in conjunction with a valve 
amplifier. The agreement between the observed scattering at angles 10°, 
16° and 27°, and the scattering predicted by Taylor’s theory was sufficiently 
close to support the general explanation put forward by Taylor, namely, that 
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the phenomenon is a consequence of the wave mechanical scattering by the 
region of the helium nucleus where the forces differ from inverse square forces. 
The present paper shows that the collisions of a-particles with helium nuclei 
can only be explained on the wave mechanics and it indicates also how far 
such calculations can give an accurate picture of the collision processes. 

It is a pleasure to express my thanks to Lord Rutherford for his interest in 
this research and to Dr J. Chadwick, who suggested the problem, for much 
valuable advice. I also wish to acknowledge my indebtedness to Mr. J. P. 
Gott who collaborated with me in the earlier stages of the work, and to Mr. 
H. M. Taylor for many helpful discussions. 


The Scattering of Fast ^-Particles by Electrons, 

By F. C. Champion, Ph.D., Cavendish Laboratory, Cambridge. 

(Communicated by Lord Rutherford, 0 M., F.R.8 — Received June 26, 1932.) 

[Plate 22 ] 

1. Introduction, 

In a recent paper, t it has been shown, using the expansion method, that the 
simple relativistic expressions govern the transfer of momentum and energy 
during the close collisions of fast ^^particles with electrons. The present 
paper gives an account of an investigation of the scattering of fast ^-particles 
by electrons, using the expansion method. 

ijBong the many formulset which have been proposed to express the inter- 
action of two electrons, the relativistically invariant expression due to Moller§ 
appears to be the most satisfactory theoretically. || Moller has referred the 
scattering for all velocities^ to a Lorentz frame of co-ordinates in which the 

t Champion, ‘ Proc. Roy Soc.,’ A, vol. 136, p. 630 (1932). 

t Gaunt, * Proo. Roy. Soc./ A, vol. 122, p. 513 (1029) ; ‘ Phil. Trans.,’ A, vol. 228, p. 161 
(1929) : Breit, ‘ Phys. Rev.,* vol. 34, p. 663 (1930) ; Wolfe, ‘ Phys. Rev.,* vol. 37, p. 691 
(1931) ; Inghs, * Phys. Rev.,’ vol. 37, p. 796 (1931). 

§ * Z. Physik,* vol. 70, p. 786 (1931). 

II Dirac, * Proc. Roy. Soo.,' A, vol. 136, p. 463 (1932); Heisenberg, *Ann. Physik,* 
vol. 13, p. 430 (1932). 

^ The writer is indebted to Dr. MoUer for oommunioating these results by letter. 
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momenta of the two electrons arc equal and opposite. The observed angle of 
scattering 0 is connected with 0*, the angle of scattering in the Lorentz frames 
by the relation 


X ~ cos ©• = 


2 — (y + 3) 0 

2 + (y — 1) 0 ’ 


( 1 ) 


where y = 1/(1 — P*)* and p — «/c, t? being the relative velocity of the two 
particles before collision and c the velocity of light. 

The expression for the scattering is 




Y* ((1-**)* 


(1-x*) 4 y* 




It 18 interesting to note that th(» formula contains no terms m Planck’s con- 
stant h. At low velocities, equation (2) becomes 


dQ(0)- 



0 + sec^ 0 ~ cosec* 6 sec* 0) 


— [4 cosec^ 0 -|- 3 sec^ 0 — 2 <*OHe«,* 0 .s(‘c* 0 — 3 sec* 0]|. (3) 

Now Mottf has obtained the following foimula for the scattering of slow p- 
particlesj by electrons • — 


dQ (0) ~ ( {eose(j^ 0 ( soc^ 0 — tjosec* 0 wm * 0 cos U} sin 20 2d6 (4) 

where 


U ^ ^ • l<^g 0. 

137 V ^ 


It IS clear that the first two terras m the first bracket of (3) and (4) repre^nt 
the p-particlea scattered and the electrons pnijected through 0 r(‘8p<*ctively 
according to classical non-rclativistic theory.§ Further, when U is nearly 

t ‘ Proc. Roy. Soc.,’ A. vol 12«, p 259 (1930). 

^ This formula haa been oonfirnicd experimentally for slow p- particles by WiUiamfl, 
* i*T<K\ Roy. iSoo.,* A, vol. 128, p 459 (1930), usiiijj; the expansion method 

§ The term “ classical non- relativistic theory ” is used hero and throughout this paper 
to refer to the cose where the mass of the moving particles is assiuneii to be invariant and 
equal to the rest mass of the electron Such a case d<H‘H not occur in reaUty but we wish 
to compare the scattering laws in the regions when* the relativity effects are approciable» 
with those obtained by a complete neglect of relativity. Further, we wish to see what 
empirical changes we must make in a completely ntm -relativistic formula in order that the 
new formula may agree with experiment. The rest mass, in this paper, us always denoted 
by «i^, but it should bo observed that in much of the existing literature, especially on the 
theoretical side, the symbol m without the suffix often stands for the rest mass 
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zero, that is when the velocity is not too small, Mott’s formula (4) reduces to 
the first bracket of (3). The term m p* in (3), which is not given in Mott’s 
expression, clearly represents the “ relativity effect ” for velocities which are 
not too great. For small angles of scattering this term becomes p‘ oosec* 6, 
the exchange term of Mott and the sec* 0 term may be neglected, and the 
expression reduces to the classical non-relativistic formula with Wo/(l — P*)* 
in place of mg-f 

Mott’s formula predicts, at largo angles of scattermg and large velocities, 
considerably less scattering than that predicted classically, the ratio being one 
half for all velocities when 6 is 45°. Equation (3) predicts even less scattenng 
than Mott’s formula ; hence both the exchange effect suggested by Mott and the 
effect of relativity combine to reduce the scattermg much below that predicted 
classically for the interaction of two point charges obeying Coulomb’s law of 
electro-static repulsion. 


2. Expenmenlal Method. 

The great advantage of the expansion method m investigating the present 
problem lies in the fact that it is the only method that separates the nuclear 
scattermg clearly and definitely from the electron scattering. Williams and 
TerrouxJ have considered the scattering of fast p-particles by electrons up to 
angles of about 12°, actually measuring not the angles of scattering, but the 
ranges of the recoil electrons, Tn a total track length of about 18 metres, with 
P varying from 0*60 to 0*97, they obtained about 70 branches with energies 
from 7600 to 40,000 volts. This number they compared with the values 
deduood from Bohr’s formula, § 



where P(Q) is the probability of formation of a branch track having an energy 
between Q and Q + dQ, v being the velocity of the incident particle. In 
obtaining this formula the electrons were treated classically as particles but 
the effects of relativity were considered. At higher velocities the observed 
scattering was about twice that predicted theoretically but the ratio decreased 
with decreasing velocity. 

t It sbould be observed that we oannot call the formula so obtained, with m (where 
M hi place of mg, the classical reiaUvUtic formula, for it presumes that the 

mass of the electron in the atom is equal to that of the incident p-particle. 

t ‘ Proo. Roy. Soo.,’ A, vol. 126, p. 289 (1930). 

§ ' Phil. Mag.,* vol. 30, p. 581 (1915). 
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The use of an automatic expausion chamber for the production of a large 
number of photographs of fast (i-ray tracks has been described in a previous 
paper.f The two cameras are arranged with their axes mutually at right 
angles, and the angles of scattering are computed from measurements of the 
projected angles on the two films. The velocities of the particles are deduced 
from the curvatures of the tracks in a magnetic field, the latter being perpendi- 
cular to the plane of the chamber 

The present results are from the analysis of 4000 photographs, giving about 
30,000 tracks of fast p -part ides m nitrogen Summing the small lengths of 
track, a total track length of nearly 2 kilometres was obtained which was 
homogeneous m p to within 10 per cent In order, however, to measure the 
curvature of a track with reasonable accuracy for the purpose of deducing the 
velocity of the particle, it is necessary that the first half of tlie track should be 
free from nuclear or electronic deflections. The effective track length available 
for the actual observation of collisions is thus reduced immediately by one-half. 
The effective track length for a single particle was estimated at 5 cm. although 
the total track length visible in the chamber was often about 12 cm. In contrast 
to previous experiments, the ranges of the ejected electrons were not con- 
sidered, the actual angle of scattering being measured. The use of relations 
connecting range and energy was tlms avoided 

3. The. Residis. 

In 650 metres of track, 250 collisions have been obtained with angles of 
scattering 6 greater than 10 \ and with p varying from 0*82 to 0*02. It was 
not feasible to count values of 0 less than 10*" owing partly to the comparatively 
large percentage error which would be introduced and partly to the greatly 
increased number of measurements it would entail. 

For each collision, a dot corresponding to tJie observed values of 0 and P 
was placed on a diagram with tliese quantities as co-ordinates, fig. 1. The 
density of the dots is then a measure of the scattered intensity. The scattering 
is no longer symmetrical about 0 = 45*" owing to the fact that tlu* angle between 
the two arms of a fork is not now equal to 90*" but becomes a function of 0 
and Y as given by equation (6) m a previous paper. { The broken line in fig. 1 
indicates the maximum possible jingle of scattering for the range of velocities 
considered here ; it is therefore the Ime x — 0, where x is defined as in equation 
( 1 ). 


j- Champion, loc. cit, 
X Champion, loc, cit. 


2 z 2 
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The number of colliHions m observed to fall oS extremely rapidly with 
increasing values of 0. For the purpose of numerical comparison with theory, 
another diagram (not shown) was plotted with x and y as co-ordinates, the 
integration boundaries being taken from y = 1*74 to the end of the p-ray 
spectrum of radium R at about y = 3*(). These limits correspond to a range 



WlcKltV P ’f 

l^'io. 1. 


in veloi-ity of p — 0 • 82-0 • 92, of Hp from 2400-5000 and of energies from 4(X),(K)0 
to 1,100,(KK) volts. The number of particles with energies greater than 
800,000 volts, however, has been shown in a previous paperj to be only about 
5 |)er cent, of the total number of particles considered. For the integration 
limits of X those values corresponding to 0 equal to 10°, 20°, 30° and maximum, 
were taken It may be observed that x, besides being a function of 0, depends 
also on y 

The numbt^r of particles with velocities lying between values corresponding 
to y and y + dy, scattered through angles corresponding to x lying between z 
and X + dx, m going a distance dr m the gas is from (2) : — 

dq = 'S^(y,jr)dxdndr, (5) 

where Nq is the number of scattering electrons per cubic centimetre of the 
Champion, * Proc. Roy. 8oc A, voJ. 134, p. 672 (1032). 
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G»3 


gas and dn is the number of ^-particles with velocities lying between y 
Y + dy, while /(y, x) is given by * — 


/(Y» = 


t i_l_ 

(Y*-l)(y-l)-\(l-x2)^ 


3 

(I 


+ 


(y-J)* 

4y* 




The quantity dn was obtained from data previously given by the writer. t 
It is clear that the chief factor influencing the decrease in the number of dots 
as we pass from left to right across the scattering diagram is the distribution 
of y in the p-ray spectrum of radium E and not simply the smaller chance of 
scattering for a higher value of y. 

The integrations had, of course, to be earned out graphically. The final 
results are shown in Table 1 Column 1 contains the angular limits of 0, 
and column 2 contains the observed numbers of dots in the throe cells. The 
numbers predicted by Moller’s theory are given in the next column, while 
column 4 contains the values ilcduced from classical non-relativistic theory. 
Column 5 contains the values de<lu(»ed from Mott’s equation (4) ; in the next 
column are given the values obtained bv substituting nij(\ — p*)* for in 
Mott’s formula. Column 7 gives the values obtained by treating the classical 
non-relativistic formula in the same way, while the last column gives the values 
obtained from this formula with T® in the denominator in place of 
where T is the initial kinetic energy of the incident p-particle. 


Table 1 


I 

1 i 

1 

1 ** 

i 

1 * 

1 


6 

7 

i ■ 

1 

ObntMved 

MOller. 

1 

j 

M (Mott) 1 

M(i n 

1 

<’(l -JS=) 1 

1 

<77’ 

30-m»\ 

10 

13 

1 

57 

1 

2S 

7 

1.1 1 


20-30 

20 

:io 

I4S 

105 

20 

37 i 

21 

10-20 

214 

210 

Till 

(i.>o 

loj 

\m 

108 

Tot.l 

2r»o 

273 

i 

7».l j 

105 

242 

13H 


4. Discussion, 

First comparing the total scattering for 6 greater than 10^. it will be seen 
that the observed valuea and those calculated from Moller’s formula are in 


t Champion, ‘ l*roc. Etov Soo..’ A, vol 134. p 672 (1632). 
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good agreement-t The classical non-relativistic formula predicts about 
times as much total scattering, but if corrected by writing T* in the denominator 
for (J/rtoV®)*, it gives about half the observed value. Writing Wq/( 1 — |5*)* for 
gives a value of the right order. It is worth noting that this treatment 
of the classical formula givi^s also to a first approximation the formula deduced 
by MottJ on quantum principles for the nuclear scattering of (3-particles. 
Mott’s formula for electron scattering gives about three times as much as that 
observed and when modified by the above treatment gives too little as shown 
m the next column. 

Examining the distribution of the scattering with varying 0 we observe 
good agreement with Moller’s formula. The non-relativistic formulcs are all 
inapplicable but either M(1 — p*) or C/'P give good agreement for angles 
greater than 20°. For angles hms than 20° both these corrections give values 
which are too low, C (1 — p*) being more satisfactory. This is to be 
expected, for we have shown that equation (3) reduces to C (1 — P®) for small 
angles of scattering. The fact that the observed scattering falls so much below 
that predicted classically for angles greater than 10° indicates that the scattering 
below this angl(‘ must, in some region, be considerably greater than the classical 
values. This may account for the excess scattering found by Williams and 
Terroux for the branch tracks up to an angle of scattering of about 10°. 

The only other experiment so far performed on the scattering of fast p- 
particlesby electrons is that of Henderson, § W’ho used the annular ling method. 
With angles of scattering between 10° and SO"", the results slio wed that hydrogen 
and helium possessed a scattering power for fast p-particles eoasiderably in 
excess of that to be expected from classical considerations of the nuclear 
and electronic scattering powers of thes<* elements. The conclusion that 
fhe observed electronic scattering was about three times that to be expected 
classically, after a certain correction had made for the effects of relativity, 
cannot Ih* said to be in good agreement with the present results, for Henderson's 
correction was essentially that adopted in column 7 of Table I and the present 

t It should bo remarked that the experiinontal diffieiilties encountered in deterniining 
the numbers of dots in the lowest cells of the scattennK diagram for the scattering of slow 
a-particles by helium (Blackett and Champion, ' Proc. Roy. Soc./ A, vol 130, p .380, 1031) 
are not encountered in the corresponding process in the scattering of fast p- particles by 
electrons. This is because it is very diffiadt to miss a small angle collision of a fast p- 
partide with an electron, for the ionisation along the slow branch is much denser than that 
, of the parent .track or any geperal background of cloud that may be present. 

} ‘ Proc. Roy. Soc.,* A, vol. 124. p. 42.5 (1029) ; ibid , vol. 135, p. 429 (1032). 

§ ‘ Phil. Mag.,’ vol. 8, p. 847 (1929). 
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results are observed to indicate a total scatU*ring only slightly in excess oi 
that calculated theoretically on this basis. Both experiments, however, show 
that the observed values are much less than those to be expected if the electron 
behaved classically as a small magnet with a magnetic moment equal to one 
Bohr magneton. It is now clear that since the de Broglie wave-lengths 
associated with the p-particles of the energies considered here arc about 100 
times the closest distance of approach as calculated classically, classical con- 
ceptions are inapplicable. It is concluded that Moller^s formula gives the best 
account of the scattering of eleotions by electrons. 

SummaTy. 

From the analj^is of over half a kilometre of track of fast (J-particlcs in 
nitrogen, photographed by tlie expansion method, 260 collisions with atomic 
electrons have been obtained m which the angle of scattering is greater than 
10°. The velocities of the incident particles lay between 0-82 and 0*92 that 
of light. 

The absolute numbers scattered and the distribution with angle were in good 
agreement with a formula of Moller, based on quantum mechanics. 

It is a great pleasure to thank Mr. P. M. S. Blackett for much valuable 
advice and criticism throughout the present work 

PI.ATK 22. 

Dfsenf^ton of Photographs (Al>out one>and'a-qiiarter times natural nizc). 

(1) This shows a collision near the lower limit of angle measured, having 0 -- 12*^. The 

roooil electron is observed to make annthei collision near the end of its range 

(2) Two close collisions occur here on the same photograph. For the right-hand fork 

p ^ 0 82, and it was therefore just included in the measurements. For this fork 
0 = 30^ The left-hand fork has p -- O'90 and 0 - 18°. Tn this case the collision 
occurred in the plane of the chamber and consequently the arms of tlic branch rt^raain 
m the illuminating beam and also in focus. 

(3) Two oolluions, one just below the angular limit of measurement and the other having 

p==- 0-88 and 0^:14°. 

(4) A close collision with p — 0*83 and 0 - 3P. 
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Nm-Adui^us Cromng of Energy LeveU. 

By Ci^ARENCR Zener, National Rosearrh Fellow of U.8.A. 
(Communicated by tt H Fowler, F.R S. — Received July 19, 1932.). 

1. IfUroductum* 

The nroAsin^ of energy levels has been a matter of considerable disoussion.* 
The essential features may be illustrated in the crossing of a polar and homo- 
polar state of a molecuile. 



Let (xjR), ij;, (x/R) be two electronic eigenfunctions of a molecule with 
stationary nuclei. Let these eigenfunctions have the property that for 
R ^ Ro> ^1 has polar characteristics, homopolar ; while at K < Rq, 
has polar characteristics, homopolar. In the region R = Rq these two 
eigenfunctions may be said to exchange their characteristics. 

The adiabatic theorem tells us that if the molecule is initially in state 
and R changes infinitely slowly from R > Rq to R < Rq, then the molecule 
will remain in state However, if R changes with a finite velocity, the final 
state (x/R) will be a linear combination 

^(x/R) == Ai(R) ^,(xlR) + A,(R) 4;. (x/R). (1) 

Neumann and Wigner (loc. ciL) have found the conditions for which 

At^O, |A,|~1 

and 

1 All'll, A, ^0, 

* Hund, ‘ Z. Phyiik,' vol. 40. p. 742 (1027) ; Neumann and Wigner, ‘ Phy*. Z.,’ yol. 30. 
p. 467 (1929) ; Kemble and Zener, * Phya. Rev.,* vol. 33, p. 536 (1929). 
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respectively, without however obtaining the explicit dependence of the A'a 
upon the parameters of the system. 

In order that the problem of obtaining this explicit dependtmce may be 
reduced to a precise soluble mathematicHl problem, it is desirable to specify 
the conditions of the transition as simply as possible, at the same time retaining 
the essential features, 

Lt>t ^2 be such linear combinations of that for all values of R, 

has the characteristics which has at R > Hq, while has the character- 
istics which ']/2 at R ^ Ro- In our molecular example, will Ik* a pure 
polar state, <f>^ a pure homopolar state for all internuclear distances. While 
^1, <f>2 can be made orthogonal, they will not satisfy tlie wave eipiation for 
fixed n in lei, rather 

- *1 01 + cja 1 

H 02 ~ £(2 01 + 08 J 


The simplifii^tions which will be made in onler to obtain the explicit functiona 
Ai, A2, are the following 


(a) $12 (Rq) tbe relative kinetic energy of the two systems. Under this 

condition the motion of the centres of gravity of the two atoms, or in 
general of the two systems, may be treated as external parameters. 
That 18, the variable R becomes a known function of time. 


(b) 


The transition region is so small that in it we may regard Ci — $2 as a 
linear function of time, and e,2(K), 0 iWR)i 02 as independent of 
time. This condition is satisfied provided $12 (Rq) sufficiently small. 
Since only the characteristics m the transition region are of importance, 
this condition enables us to replace the physical problem by an ideal 
problem in which 




*is — “ 0 


( 3 ) 


for all time. 


If the relative velocity of the atoma is conatant, aasamption (6) leada to the 
relationship shown in fig. 2 between (,(K), t,(K) and the eigenwerte of 'll!' 
i|;„ namely E, (R), E, (R). 

Ei(R), E,(R) are hyperbolae having *,(R), e,{R) as asymptotes. The 
closest distance between E, and Ej, ».e., E, (Rq) E((Rg), is given, by 
2 e„(R,). 
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2. Analym. 

lo the analysis it has been found more convenient to use the linear com- 
binations ^2 of the exact adiabatic solutions rather than these 



!Fl0 2 — Croflging of energy levels in idealised problem. Full lines are adiabatic cigcnwexte. 


solutions themselves. Further, it has been found advantageous to start lit)in 
the wave e<][uation in the form 


(h - ^ I'l {o, (0 cf ! •' (r) + c, (0 cT I 


=--0 


The rtdations (2) rediic** this wave equation to two himultaneous first order 
difiertmtial equations in the (J’s. 


2711, 


2ni 8t 


tiarTl'-' "*'’"‘0, 


J 


(4) 


The boundary conditions under which these equations are to be solved 
must comispond to our knowledge that initially the system is m state vJ/j or 
^ 2 ) which are equivalent when R ^ Rq. These conditions arc thus 


Oi(-cc)-0, (5 a) 

lCj(- «)| -1. (5b) 


If we call l^jfK Ro)|* of (1) the probability P of a non-adiabatic tran- 
'ntion, then 


P= |C,(«)|* = 1~ 10,(oc)|*. 
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We thus need know only the asymptotic values of the solutions of (4). 
Elimination of Cj from (4) leads to the single equation 


5 +{t'- 5+1'^ ■«■=»' 

Substitution of the assumption (3), together with the dehnition 

f-= 

^ ■ h 

and the substitution 


reduces (6) to the Welier* equation 




( 6 ) 


This IS thrown into the standard form 


by the substitutions 

il ~ tPloL, 

The Weber function h a particular solution of this equation 

which vanishes for infinite z aloni^ the directions ooexp{ — J7n) and 
00 exp (— ' Jtt?). Hence the solution 

Ux(^)- A,D „ ,{Tr.), aiO, 

satisfies the first boundary condition (5 a). 

The constants A* are determined from the asymptotic values 

1) , . , (iR e- ‘"O ^ '''' R “1, 

D „_,(tRe '“■♦R " 

by means of the second boundarv condition (5 b). We find 

|A,|^|A 

where 

Y= /’*/!« I- 


* Those prop^iee of thw equation^ and of its wlution*, which are need in this analysis 
are fuUy disoussed in Whitaker and Watson’s “ Modern Analysis,” pp. 347-349, 4th ed. 
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Summarising, 

^ L D «>o. 

* \ -h .>•. ( -.1,^ "" y‘c-' 1’'* L D , .1 (»Rc‘'‘). «< 0. 


It ->« 

By use of the asymptotic values 

L U_„_, (iRe*") = pl'(» '»w e-*KV4 r-»-i + 

r (to + 1) 

L D , j(iRp‘'') = f MnU>.<^av«R-«-i_(_ 

K 1 (n -f- 1) 




plirfll ^ lR*/t [J" 


we obtain 




Therefore 


I -e ‘'r. 

P = e »’». 

Rosenkemtsch'* states that Tjandaii has obtained tin* formula 




- JL ** 

P ^ e 


where A = 2 ci 2 , v is the relative velocity, and F^, Fg are the “ forces acting 

upon the two states. If the identification ^ (ej— c,) == v(Fi — Fg) can bo 

at 

made, the exponent of [jandau s formula is too small by a factor of 27c. 


3. Discmsim, 

Equation (6), with Cj, Cg, Cig, as arbitrary functions of time, is the general 
equation for a transition probability between two electronic states, provided 
(a) all other states may be neglected ; (6) the motion of the atoms may be 
taken as external parameters ; {c) changes in the unperturbed wave 
functions may be neglected. Two cases are of particular interest. In 

one Cj — Eg = AE, a constant, and E|g is a function having the general form 
of curve a, fig. 3. In the other E| — - Eg is a linear function, and E^g is a constant. 


• ‘ Phys. Z. U.8.S.R.,’ vol. 1, p; 426 (1932). 
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An investigation* of the first case has revealed that the transition probability 
P satisfies the inequality 

A more instructive form is obtained by intiodurinii? the variable I — tjT, 
where t is the time of collision defined by 



Then 






(7) 


When tAE/A> 1, P is much smaller when £,2 is an analytic function than of 
the type of curve b, fig. 2. The question arises, woiihl this difference in the 
two P’s be eliminated merely by rounding off the corners of curve 6, or must all 



derivatives of Cja l>o continuous ^ We find the answer when we integrate the 
numerator of (7) by parts. Since vanishes at ^ ~ oc , an expansion of 
P in inverse powers of (27rTAE/h) is seen to start with the — ‘bi'th power, 
where n is the order of the first discontinuous derivative of t 
The second case has been solved in the preceding section The problem 
IS illustrated in fig. 2. 

It was found that the transition probability P was 


• N. RoHen and C. Zener, * Phys Rev./ vol 40, p r»02 (10.32) 

t The author is indebted to Professor Norbert Wiener for iiointing out this relation. 
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where A — (0) = closest distance between the adiabatic eigenwerte E^, 

£2 of the S 3 rsteni. 

In both cases P depends upon the relative velocity v in nearly the same 
manner, namely 

P - 

In collisions one measures an effective cross section Q. Let the transitional 
region occur about the interatomic distance Rq, then since v refers to the com- 
ponent of the relative velocity along the internuclear line, Q will be given by 
approximately 

Q = tuRj* ' sm 6 


Humifmry. 

Wh(‘n a single parameter is varied adiabatically, two eigenwerte of a system 
may approach each other, and then recede, the corresponding eigenfunctions 
having exchanged their characters. If the parameter is varied with a finite 
velocity, the system may jump from one state to the other, thus not suffenng 
a change of charact(‘r. This transition probability has been rigorously calcu- 
lated provided the system satisfies certain reasonable restrictions. 
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Energy Exchange between Inert Gas AUnns and a Holid Surjace. 

By J. M. Jackson, Department of Mathematics, University of Manchester, 
and N. F. Mott, M.A., Gonvillo and C^aius College, Cambridge. 

{Communicated by Tl H Fowler, F R S —Received July ID, 1932) 

§ 1 . Inirodxwtion , — If gas atoms, having energy corresponding to a tempera- 
ture Tg, are incident on a solid surface at a temperature Tj, then the r(*fle(*ted 
atoms will have a mean energy corresponding to some new temprature Tg', 
which IS a function of and T^. For simplicity it is convenient to define 
Knudsen’s thermal accommodation coefficient as 


a ~ 


Inn 

T,-> 



The accommodation coefficient depends on the natun* of the gas atom, the 
nature of the solid surface, and the temperatuie T 

Accommodation coefficients have been measured by various workers, and 
the present paper is an attempt to give a theoretical explanation of the n^sults 
of Roberts,* who has measured the accommodation coefficient for helium on 
tungsten at various tempratures, taking parthnilar precautions to obtain a 
clean surface. 

The first step in the calculation of the accommodation coefficient is the 
calculation of the probability that when a gas atom with energy W hits an atom 
of the solid m the quantum state a transition will take place to the state «. 
We denote this probability by (W). One must then assume some energy 
distribution for the vibrating solid atoms. We assume that they are all 
indepndent, so that the number m the state with energy W„ is proprtional 
to exp. (— W„/KT), as in the Einstein specific heat theory. The accommo- 
dation coefficient is then found by averaging for all W and all i, n, 

A theory of the accommodation coefficient has already been given by one of 
us,f the interaction energy between th(* solid and the gas being taken to be 
of the form V = C for r >0, V = 0 for r<0, where r denotes the distance 
between the two atoms. With a suitable clioice of C it was pssible to obtain 
a fairly good fit with the exprimental curve. This type of field has, however, 
little resemblance to the actual field between the gas atom and the solid surface. 


• ‘ Proo. Roy. Soc.; A, vol. 129, p. 146 (1930) , voJ. 136, p 192 (1932). 
t J. M, JaokBon, ‘ Proc. Camb. Phil. Soc.,’ vol 28, p. 136 (1932). 
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The method of calculating the accommodation coefficient given in this 
paper will be followed, except that we shall take the interaction energy between 
the gas atom and the solid atom to be of the form 

C exp. (-*“ «r). 


Zener* has calculated the accommodation <;oefficient using a field of this 
type, but in calculating the transition probabilities he approximates to the 
exponential by means of an inverse square term A (r — 6)“* adjusted to fit on 
smoothly to the exponential at the classical distance of closest approach. 
This approximation appears to affect the answer by a factor of about 6. Good 
agn*ement with experiment was only obtained by giving a the some^^hat large 
value 65 x 10” cm * 

In the pn^sent paper we have been able to evaluate the inti'grals involved 
in the transition probabilities exactly without making any approximations. 
Quite a simple formula is obtained, and good agreem4‘nt with experiment, 
with a more reasonable value of a (8 X 10” cm We also discuss the validity 
of the perturbation method used, and come to the conclusion that this is almost 
the only collision problem in which the terms neglected m a first order jier- 
turbation theory are certainly small 

§2. The Probabibhes of En4'r(jy Transfer — In this section we shall ti oat the 
solid surface as consisting of an assembly of independent atoms each fn*e to 
vibrate about a position of equilibrium with the same frequency v The 
problem is to calculate the probability that, when a gas atom of given energy 
collides with an atom of the solid vibrating in the ?<th stationary state, the 
solid atom will make a transition to the a'th state. The model used is one 
dim<*nsional, both atoms being supposed to move only at right angles to the 
surface of the solid. 

Tjct X denote the displacement at any time of the solid atom from its mean 
position. The Schrodmger equation for the unperturbed solid atom is then 


where H denotes 


(H-WJ<l;„(X) = 0, 


/i* 


f 27 i2Mv*X2, 


( 1 ) 


M being the mass of ttie solid atom. Equation (1) has the usual series of 
oscillator eigenfunctions 4'n (X) and eigenvalues W, == (w + J) kv. We 
assume that the oscillator wave functions <Ji„(X) are normalised to unity. 

• ‘ Phys. Rev.,’ vol. 37, p. 667 (1031) ; vol. 40, pp. 178, 336 (1932). 
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Let us denote by the wave function of the initial state and the wave 
function of the final state of the solid atom. Let m denote the mass of the gas 
atom and x its distance from the mean position of the solid atom. 

We take for the interaction energy V (x, X) between the two atoms 

V {X, X) C exp [^a{x^ X)]. (2) 


Let T {x, X) be the wave function which describes the collision and satisfies 
the wave equation 

A® d® . 

A* 




Y = 0. 


{») 


We require a solution with the following property ; if it is expanded in a 
series 

y(^,X)^S^,(X)/„(x) (4) 

n 

then for large x we must have 

/< (a;) exp (— ik^x) I exp (lA^x) 

fnix)^ A„exp(^fc„^r) n?ii. (5) 

Here , 

= 27mvjh, = 2nmvjh^ 


being the velocity of the gas atom before (jollisioii, and its velocity after 
it has excited the solid atom to the state n. 

The solution (5) represents a wave of unit amplitude falling on the solid 
atom together with a number of reflected waves. The probability ptT collision 
that the transition i -> w will take place is 

p/ = ^ I K I* (6) 

The method appropriate to the solution of ctpiation (3) depends on the 
value of the constant a in the expression (2) for the interaction energy. If a"* 
is small compared with the amphtude of oscillations of the solid atom, the atoms 
may be treated as rigid elastic spheres. In § 3 a method of solution smted 
to this case is given. If is large compared with this amphtude, the method 
employed by Zener is appropnate. This is discussed in § 4. 

From the two formulee one can obtain transition probabilities for all values 
of a by interpolation. We may remark here that if is large compared to 
the wave-length of the incident atoms, the collision is adiabatic and no energy 
transfer takes place. 


3 A 


VOL. OXXXVII.— A. 
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§ 3. Rigid BUulio SjA&res as a Modd for the Atoms . — In this section the 
atoms ace treated as rigid elastic spheres ; that is to say, we write the inter- 
action energy in the form 

V(x,X) = O' (7) 


and let a -><» . ^ may be interpreted as the sum of the radii of the spheres. 
Then 


V(x,X) = 0 ®-X>5 

= 00 x-X<5 

We have therefore to find a solution of 




>F(x,X)-0, 


which vanishes along the line x — X = Such a solution, having the 
asymptotic form required in (4) and (6), is 

'F (*, X) = (X) 2i sin *:,(* — 5) + S (X) exp [ik^x], 

n 

the being chosen m such a way that 


4-, (X) 2i sin k,X + S (X) exp [ik, (X + 5)1 = 0 (8) 

for all values of X« 

Now the wave-length of the incident helium atoms is large compared with 
the amplitude through which the solid atoms vibrate ; hence (X) is only 
finite in a region in which kf^X, etc., are small We may therefore replace 
exp ik^X in (8) by umty. We obtain 

(X) 2iA:,X + S (X) exp = 0 

for all X. 

Hence multiplying by (X) and integrating over all X, we obtain 
A, = - 2i*,X,„ exp (- ikj,\ 

where 

X,„= r X<|;,^.dX. (9) 

J —00 


Hence from (6) the probability that the transition will take place is 

p,« = 4t,I:JX,.}*. (10) 


§ 4 . In this section we suppose that a~^ is large compared with the amphtude 
of vibrations of the solid atom. (This is in fact the case, since for tungsten 
at ordinary temperatures this amplitude is of order 2 X 10~^ cm.) The method 
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is that used by Zener. It is similar to the Bom method in collision problems, 
/liflhring from it in that distorted zero order wave functions must be used. 

We substitute the solution (4) in equation (3) and obtain 




8it%C (,-a 




( 11 ) 


We now write 




which is equal to 
where 


U(x)Y„„ 

U (x) = 8jc»mCe "/A®. 


( 11 . 1 ) 

( 11 . 2 ) 


Expanding e**, and remembering that aX Ls small in the mgion* (denoted by 
t) where il»„ is finite, we have to a very good approximation 


We thus have approximately 
Further, wo see that 


Y,. = 1. 


(12) 


V„(*) = U(4 

Yn, nil 1® order or, 

Y«, n±2 is of order (ot)®. 

From equation (11). multiplying by «1>,(X) and mtegrating with respect 
to X from — <» to +« , 

+ i.*) /. (X) + ^ V„ (x)f„ (X) - 0. (13) 

This equation is exact. 

We have just seen that the non diagonal terms V„ are small compared 

Wemaytten-for. *,lv. (13) by th. mtWof 
ncwnivo appioamatiOM. We «it for the mvee lepreseotiog tbo inoideot 
fLr\i\ elastically reflected particles 

and for the particles reflected after causing a transition 

/„(/)=/-'“+ 

* T is equal to about 10'*® om. 


(14.2) 


3 A 2 
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Substituting in (13) we obtain 

[5+V-V„]/,®> = 0. (16) 

[^+ V - = Y.. U (X) //O) (j:), „ pi t. (16) 


We note that — V„„ = U (t). 

Let now F., {x) denote that solution of the equation 


l|;S + V-U(x) 


F„ (X) = 0. 


(17) 


which tends to zero as x — oo , and is normalised so as to have the asymptotic 
form 

F„ ~ cos (A:„x + 1 )) x-«- + oo, (18) 

where i) is a constant. Then we must take 

/,<»>= 2F,(®), (18.1) 


representing an incident and reflected wave each of unit amplitude, as demanded 

by (6)- 

We may solve (16) by the substitution 

/;*’(*) = 

This gives 


Integrating, and remembering that /„ must vanish as x — oo we have 

F«*| = 2Y„|*^U(x)F„F,dir. 

Integrating this equation, we have, for large values of x, 

y ~ r^tan {k„x + Kj) 4- const 1 2 Y<„ [ U (x) F,F, dx. 

-I J -*«0 

Choosing the constant so that /„ shall have the asymptotic form (6), we find 

9V r+« 

/,'«-exp[-i(fc,x + >])]f|L- j ^U(x)F.F,dx. 

Hence we have {cf. equation (5) ) 

|A»| = ^r V(x)F„F,dx. 

J-oe 



Energy Exchange between Inert Gas Atoms. 


709 


and from (6) the probability pei coUision that the solid atom of energy W will 
make a transition from the state i to the state n la 


P“ 


4(Yj*r&f^ 
L A* 





(19) 


Zener obtains the result (19) without the factor 4. This is due to tlie omission 
of a factor 2 in the equation corresponding to (18.1). 

§6. We now require the exact solutions of (17) which tend to zero as 
® — 00 , and which have the asymptotic form (18) as x oo . Writing 

U (x) = 


we can transform (17) by means of the substitution 

y = 2B/a.cxp(— iax); 

we obtain 


F', + r^r„+(g,2i/ 2^i)F„ = o. 
where the dashes denote differentiation with respect to y, and 

?n == 2A:«/a. 


This is Bessers equation of imaginary order and imaginary argument ly. 
In the usual notation of Bessel functions* the solution of this equation which 
tends to zero as x tends to — oo is 

K<»(y), ? = 7„. 


This functioa cau be represented by the integral'*' 

Kj«(y) = [ e~ COB g„ud«. 

Jn 


(20) 


It is clear from (20) that as z -<• — oo andy ->■ +oo , K,.(y) -»-0. In order 
to show that it behaves like cos (Az + tq) as z * + <» , y -* 0, we proceed as 
follows. Making the substitution q cosh u = x, and a.s.suming that y is small, 
the integral (20) becomes 


which reduces to 



( y 

\q sinh nqJ 


cos (fee + r)). 


Thus for F, (x) we must take 


* G. N. Watson, ** Beeeel Punotiona,” pp. 73, 181. 


( 21 ) 



710 


J. M. Jackson and N. F. Mott. 


§6. Caladation of the Transition Probabilities . — ^In $$3 and 4, equations 
(10) and (19), we have obtained expressions for the transition probabilities 
per coUisions for gas atoms incident on the solid with definite energy. It is 
readily found that* 

**.-±1 ®\ 87 c » MAvA */ 


We have further 


V87c*MAv/fc* 

Y, 1)1* . 

167t*MAv/A* 


X,„ = 0 tVn±l 

=-YJa i = n±l- 

From (10) we have, therefore, for elastic spheres, 


Pn""^-4^(n+i±i)[E (E=F1)]* 


where 


E = W/Av. 

The evaluation of (19) depends on the integral 


poo 

€““• F,; 

J -«p 


F,«fr. 


( 22 ) 

(23) 


(24) 


Changing the variable of integration to y as before wo find for this integral 


ah^ (qq* sinh nq' sinh 7rg)* f* 

IfiTAnC 7C Jo 


y dy. 


here q is written for q* for 

Using (20) we can write the integral on the right as a repeated integral, 
namely 


f f yg y (conh ( + cmh tt) ^ 

0 Jo Jo 


Putting the lower limit of the y integration equal to t/g, and interchanging 
the order of integration so that the y integration is performed first, afterwards 
allowing to tend to zero, we find that this integral reduces to 



cos qU COB qt_ 
(cosh t + cosh w)* 


* Sommeifeld, ' WeHenmekanlk,’ p. 61. 
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Making the substitution* ( + u = 2T, t — « = 2U, we find that this integral 
becomes 



coB{q+q')T f • cos (g' - q) 

co8h*T Jo co8h*U 


dU. 


By integrating 6‘*“/c08h* z round the closed rectangular contour — oo , - 4 - oo , 
+ 00 + 7t»> — * + TO, enclosing the point 2 = we find that 

Therefore we have 

[ ydy K|oK,,' = Jt:* {q'^ — g*) / (cosh ttj' — cosh Ttg). 


The transition probability is therefore 


LcoshTrg' 

In particular 


iTC«(g'«-g«) 

cosh nq 


'2 

sinh nq sinh ng'. (26) 


Pn 


and 


« ± I _ 327t* m mhv , 1 1 1 i\ sinh g sinh g' 

~ H ^ (coSi^-losliTtg')* 


(26.1) 


± .) c ± 1, « 

etc. 

Here g, g' are 4Tc?nu/aA, inmv'jah wlu'm v, v' are the velocities of the gas 
atom before and after the collision. 

It IS interesting to note that if we allow a to become very large m equation 
(26.1), the formula (25.1) tends to the form (24) obtamed for hard spheres. 
Thus, although there is no theoretical justification for using this perturbation 
method for large a (as the non-diagonal elements are not small), the result 
obtained seems to be valid for all a, 

§7. Calculation of the Thertml Accommodation Coefficient . — The thermal 
accommodation coefficient a is defined at the beginning of § 1. Usmg this 
definition it has been shown by one of usf that a can bo (‘xpressod as a double 
series of partial accommodation coefficients a(n|n'), one for each particular 
quantum transition n -► n' ; it was found that 


a- S S a(n|«'), (26) 

» U h' —0 


♦ G. N. Watson, he. cU., p. 44U. 
t Jaokson, he. cit. 
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wll6F0 

a (n|n') = ^ ji* (1 — e"**) (n — n') P,“' ((x). (27) 

In this expression [x = 0/T where 0 is the characteristic temperature of the 
solid, and 

(28) 

Jo 

a 

Expressions for have been given in the previous section (equations (25) ). 
To calculate the accommodation coefficient we must therefore evaluate the 
integral (28). 

We write 

a = a(l)+a(2) + ... (29) 

where a(s) is a partial a(;commodation coefficient correspondmg to change of 
quantum number by s. 

We obtain, summing over all n, n' which differ by unity and by two 

a (!)=•{ 1x3 (c-^-l)-iP(l,t.) (30) 

a(2)= V^(x 3{6^-.1)-3P{2, |x), (31) 

where P (1, (x), P (2, jx) are to be obtained from (28), for the cases n' = n ± 1, 
n' = n ± 2, by omitting the factor (n + J ± i) from (26.1) and (24), and 
the factor (« ± 1) (n + ± 1) from (25.2). 

Further terms of the series (26) have not been investigated, as in the case of 
helium on tungsten a(2) is never more than 6 per cent, of a(l). The con- 
vergence seems sufficiently good to justify the neglect of further terms of the 
series. 

Only in the case of rigid elastic spheres [§ 3 and § 6, equation (24)] is it 
possible to evaluate the integral (28) analytically. In this case, we have from 

(24) 

P(l, ^i) = 4^J“[E (E + l)]‘e-'‘*dE. 

Changing the variable of integration to t/, where w = 2E + li this integral 
reduces to 

ig[K,(ip)-K„(Jp)]«‘M 

where K, and Kg are Beaeel functions of the third kind. We find from (29) 
and (30) 

« = «(!) = g cosech i(x {K, (|(x) - K, (Jjx) }. 


(32) 
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This is the result for a molecular model of rigid elastic spheres. With such a 
model the nature of the gas only enters into the result in the mass-ratio factor 
w/M and thus the accommodation coefficients of various monatomic piises at 
the same temperature on a clean tungsttm surface would be proportional to 
their atomic weights. 

With the exponential interaction energy (Je the transition probabilities 
per collision are given by (26). 

We obtain, from (25) and (30) 


X ,,smhlC(E + l)*smhlE*.e-'‘“dE 
/IX I s/^ 327 r*MmAv f* o' ' o 


and 


l^cosh It (E + 1)* ~ coah ^ E* 


«(2) = V 


smh ^ (E + 2)» smh I E* . dE 
a a 

l^cosh I (E f- 2)* — cosh ^ E* 


where = 32 tc* rnh'^/h^. 

The mtegrals were evaluated numerically for various values of fx, a. The 
results are given in § 8. 

§ 8. Modification of the Theory when an Attractive PotenfUial is included in 
the Fidd of the Solid. — In order to take some account of the possibility of 
adsorption it is interesting to include in acme way the long range attractive 
field of the solid (van der Waals forces). The simplest method of doing this 
is to include a small attractive potential step of magmtude ® situated at a 
constant distance d from the moan position of the oscillating surface atom. 


For d we have taken about 5 A.U. 

With this very approximate representation of the attractive field of the solid, 
the only modifications* which must be made m the analysis of the preceding 
section arc that instead of P (1) one must write 


P(la)= 4 >/Av. 


(1) and (2) must also be multiplied by the factor exp (I>//*T. 
The expressions for a (1) and a (2) now become 

J|x*(e^-l)-V^P(l,X) 

YfjL®(c^-l)-*c^^P(2. x). 


* Jackson, loc. cii., p. 156. 
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The factor increases as the temperature decreases, but the integral 
P (1, x) decreases with the temperature more rapidly than P (1). The efEect 
of the factor is predominant, but the alterations in the integrals P are not 
neghgible and are more marked for low temperatures. 

§ 9. Nwmnoal Reaidts. — The experiments of Roberts (loc. cU,) provide the 
only available data with which the theory may be compared. The experi- 
mental results for tungsten and helium are 

296® K, a = 0-057; 196® K, a = 0 04G ; 79® K, a = 0-025. 

Calculations have been made for values of a equal to 4-02, 8-05, 9-00 X 
10® cm."^, and also for the hard sphere model. The value of the characteristic 
temperature 0 of tungsten is 205® K, if we take the atomic frequency to be 
4-3 . 10^*, sec.*■^ This frequency is determined from Lindomann’s melting 
point formula^ which gives good agreement with the values of 0 determined 
from specific heat data, particularly in the case of metals. The accommodation 
coefficient was computed for the above values of a, and for the following values 

of (X 

(1 = 0-7, 1-0, 1-4, 2-0, 3-0 
or 

T = 293®, 205®, 147®, 102-5®, 68-4®. 

For the attractive potential step we have taken % = 0-20, 0-25, and also zero. 
The two former values correspond to O = 3-54 and 4-43 . lO"* electron volts, 
or heats of adsorption* of helium on tungsten of the order of 80-100 cals./gm. 
atom. These are probably of the correct order of magnitude. 

The variation of the accommodation coefficient with temperature for various 
values of a and <I> is shown in fig, 1. In fig. 2 the results are shown multiplied 
by an arbitrary factor to fit them to the experimental curve at T = 205® K. 
We do this for two reasons : firstly it is possible that the use of a one dimen- 
sional model may have introduced a constant factor in our results ; and 
secondly the experimental values are probably too large, owing to the roughness 
of the solid surface. The best agreement is obtained with a = 9 X 10® cm.“^, 
which is rather large. 

The value a = 4 X 10® cm.^^ is probably approximately correct. The 
theoretical curve for this value is shown in fig. 1. With this value of a one 


* Lennard-Jones, * IVans, Faraday Soo.,* vol. 28, p. 340 (1932). 
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has to multiply the theoretical curve by 2 in order to fit it to the experimental 
curve. This &ctor 2 may well be accounted for by the roughness of the 
surface. The agreement, fig. 2, between the fitted curve and the experimental 
is not quite so good as for a = 9 X 10® cm.”^, but is nevertheless satisfactory 



Fio. 1. — Calculated values of the thermal accomnuKlatbn coefficient for tongsten/hebum, 
with interaction energy 

Curve 1, a 4*02 X 10* om.“^ 

Curve 2, a 9*0 X 10» cm,-> - One quantum transitions only. 

Curve 3, rigid elastic sphere model ^ 

Curve 4, a =* 9*0 X 10* cm.-*, two quantum transitions only. 

Curve 5, a ^ 9*0 X 10* om.''^ two quantum transitions only, but including an 
attractive potential step x — 0*2. [<D — 3*64 . 10”* electron volts.] 

Curve 6, a ss 9*0 X 10* om.“^ x “ 9*2 including both one- and two-quantum 
transitionB. 

Curve 7, a 9*0 X 10* cm.-^ x ^ mcluding both one- and two-qnantum 
transitions. 

The experimental values are marked with a cross. 
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Fio. 2.— Thermal aooommodation coefficients : hdi n m /tungsten fitted to the expeiimental 
value at 206^ K. 

Curve a 4*02 X 10* one quantum transitions only. 

Curve 2| a 9*00 X 10* one quantum transitions only. 

Curve 3, d n 9*00 X 10* cm.***, including two quantum transitions. 

Curve 4, rigid elastio sphere model. 

The experimental values are marked with a cross. 


in view of the difficult nature of the experimenta, and the simple model used 
in the theory. 

In fig. 3 some transition probabilities are drawn plotted against E == W/Av. 
where W is the translational energy of a gas atom normal to the surface. They 
are also plotted against T, where W = iKT. 
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Fio. 3. — ^Transition probabilities pg' (E) per collision. The energy scale is in terms of 
oscillator quanta, E = W/Av ; alternatively it is expressed in terms of the temperature 
T = iW/K. 

Curve 1, a === 4*02 x 10* cm."^ 

Curve 2, a =* 9*00 X 10* cm 
Curve 3, rigid elastic sphere model. 

The curve is drawn on the same scale for T — 293° K. 


Surmfuiry. 

A theory of the accommodation coefficient for helium on tungsten is given, 
using an exponential field between the gas atom and a surface atom of the 
solid. Good agreement is obtained with the experimental results of Koberts. 

In conclusion, we would like to thank Mr. J. K. Roberts for his interest in 
this work. 
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